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CXXXIX. LIPASE AND ITS ACTION. 


I, THE SYNTHETIC ACTION OF PANCREATIC LIPASE IN 
- THE SYSTEM: OLEIC ACID-GLYCEROL-WATER- 
DISSOLVED LIPASE. 


By ERNEST ALEXANDER SYM. 


From the Biochemical Laboratory, Medical Faculty, Warsaw University. 


(Received May 20th, 1930.) 


THE place of action of the enzyme in the macroheterogeneous two-phase 
system oleic acid-pancreatic lipase in aqueous glycerol solution may be 
located in the three following regions—the aqueous phase, the oleic acid 
phase, and the phase interface. Whilst it is generally accepted that the reaction 
of hydrolysis of fats takes place at the water-fat interface, no exact experi- 
mental evidence in support ot this view has been adduced. Further, the 
opinion has been expressed [Rona and Bien, 1914; Mellanby and Woolley, 


1914] that the lipases of blood and of pancreatic juice differ from that ex- 
tracted from organs in that they act in homogeneous systems in the aqueous 
phase. Willstitter [Willstatter et al. 1923] considers that the enzymic hydrolysis 
of fats takes place in a microheterogeneous system, and on this hypothesis 
he bases his theory of the adsorptive action of activators. 

The object of the researches described in the present paper was definitely 
to determine the place of action of pancreatic lipase, in order to be able to 
explain both the kinetics of reactions catalysed by this enzyme and the 
mechanism of the action of its activators. 


EXPERIMENTAL. 


The reaction of the synthesis of olein was selected as the most con- 
venient for the study of the problems outlined in the introduction. The 
advantages of this reaction for the purpose in question consist, firstly, in that 
it proceeds, to a certain extent, according to the law of mass action, in con- 
tradistinction to the opposite reaction of hydrolysis of oil, which is con- 
siderably inhibited at py 5-7 (that of the glycerol extracts of pancreas), 
hydrolysis not exceeding 10%. Secondly, the py of the medium undergoes 
only very inconsiderable fluctuations during the period of synthesis; the intro- 
duction of a new factor in the form of buffer solutions is thus obviated. 
Finally, the addition of substances activating lipase is unnecessary, as the 
enzyme remains active in this system for months without change. It was for 


Biochem. 1930 xxiv 80 




























1266 E. A, SYM 


this reason that Willstitter’s standard solutions, containing buffers and acti- 
vators, and used for the quantitative determination of the activity of prepara- 
tions of lipase, were not considered suitable for our experiments, from which 
it was desired as far as possible to exclude all non-essential factors. 

The preparation of lipase used was not as highly purified as were those of 
Willstatter, so that impurities accompanied the enzyme and may probably 
have taken part in the reaction. The results obtained with our crude lipase 
were, however, quite uniform, and no difficulties were encountered in their 
interpretation. The enzyme was prepared in the following way. 

Fresh pig’s pancreas was obtained from the slaughter-house, fatty tissue 
was removed, and the residue passed three times through a mincing machine. 
The pulp so obtained was triturated in 100-200 g. portions with acetone and 
introduced into a 10-litre flask, to which a fivefold weight of acetone was 
then added, and the whole left 4 hours with occasional shaking. The acetone 
was then filtered off, a fresh portion of acetone was added to the residue, and 
the whole operation was twice repeated. After the last portion of acetone 
had been filtered off, the residue was twice extracted with a five-fold volume 
of ether, after which it was spread in a thin layer on filter-paper and allowed 
to dry. The well-dried pulp was next ground to a fine powder, the powder was 
passed through a fine-meshed sieve, and the product was ground in a mortar 
with 16 times its weight of 88 % glycerol, after which the suspension was left 
4 hours at 37°. Water was now added in such quantity as to dilute the glycerol 
to about 75 %, and the suspension was filtered. The filtrate contains dissolved 
lipase. 

Merck’s oleic acid was used in our experiments. Oleic acid was determined 
by titration with 0-1N alcoholic sodium hydroxide solution, using o-cresol- 
phthalein as indicator. The quantity of acid found is given per 1000 g. of 
emulsion, the weight and not the volume of samples of which was determined, 
as being considerably more accurate. 

The amount of ester synthesised per 1000 g. of emulsion was determined 
by hydrolysis using 0-1 N alcoholic sodium hydroxide solution, to which one- 
third of its volume of water was added before each determination. The excess 
of alkali remaining after hydrolysis was determined by titration with 0-1N 
hydrochloric acid solution. 


1. Effect of changes in the phase interface. 

The following experiments were performed with the object of determining 
the influence of changes in the surface of contact between the aqueous phase 
and oleic acid on the velocity of synthesis and on the definitive equilibrium 
state. Three vessels of different cross-section, viz. (a) 19-5 cm.?, (b) 62-8 cm.” 
and (c) 399-00 cm.?, were taken, and to each 282-38 g. of oleic acid and 73-0 % 
glycerol lipase extract to a total volume of 500 cc. were added. The lipase 
extract was poured carefully down the walls of the vessel containing oleic 
acid, in order to avoid emulsification. In this way the liquid phases in all 
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three vessels were delimited by a sharply defined boundary. The vessels 
were then kept at 37°. 

The amount of ester formed was determined at various intervals of time 
by taking a sample (2-3 g.) from the oleic acid layer, which was previously 
carefully stirred, in order to ensure homogeneity. The weighed sample was 
then titrated with alcoholic sodium hydroxide. The quantity of ester formed 
is given in millimols per 1000 g. of fatty layer, and is calculated from the 
difference between the original content of oleic acid, viz. 3546 millimols per 
1000 g., and that found at any given time during the reaction, with the intro- 
duction of a correction for the increase in the mass of the fatty phase due to 
progressive replacement of part of its oleic acid by larger molecules of ester. 
As a result, the sum of free and combined oleic acid in 1000 g. of the fatty 
phase diminishes progressively as the reaction proceeds. The ester content of 
a number of samples of mixtures close to the equilibrium point was deter- 
mined both by titration and by hydrolysis, and an empirical correction was 
derived from the difference between these two values. Thus 5g. of such a 
mixture were found to contain 11-7 millimols of free acid, 7.e. 2340 millimols 
per 1000 g. The difference between this and the original value of 3546 millimols 
would give an apparent value of 1206 millimols of combined oleic acid. 
Hydrolysis gave, however, a value of only 1140 millimols, giving a total oleic 
acid content of 3480 millimols. The difference of 66 millimols represents about 
5 % of the apparent oleic acid content, and this correction was applied in 
all cases. 

Together with the above three systems, a fourth, of the same composition, 
continually shaken during the time of duration of the reaction, was taken. 
Microscopic examination showed that this system is an emulsion of the water- 
in-oil type. The area d of the phase interface was in this case calculated from 
the number and the average diameter of the drops of the aqueous phase, with 
the application of a correction due to the presence in each drop of aqueous 
phase of 2-3 drops of fatty phase. The approximate value of the area d was 
calculated with an accuracy sufficient for our purpose to be 356,000 cm.? or 
35-6 m.? The degree of esterification was determined on the whole emulsion, 
calculated per 1000 g. of emulsion, and the appropriate value was calculated 
per 1000 g. of fatty phase, in order to render possible comparison with the 
results obtained from the first three systems. In this case, the correction 


Table I. Velocity of synthesis using different contact surfaces. 


Millimols of combined oleic acid per 1000 g. of fatty phase 





Days 
Surface - A * 
cm.2 1 2 7 15 21 23 30 45 60 17 108 K Remarks 

19-5 -_- — 7 22 — 72 84 — 160 451* — —— _- 

62-8 — — Bb 68 — 145 215 — 367 463** — _ — 
399-0 — — 59 339 — 597 75 — 998 1076 1140 1-75 — 
356 x10® 139 238 — 1110 1224 — 1243 1246 — — —_ 1:55 Calculated for oil 
356 x10® 88 150 — 698 770 — 782 884 — — — — Calculated per 
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applied in unshaken systems is obviously unnecessary. The results obtained 
for the four systems examined are given numerically in Table I and graphically 
in Fig. 1. 

As a control, oleic acid was left in a vessel of about 100 cm.? cross-section 
at 37°, in contact with a glycerol solution of the same strength as that used 
in the above experiments. At the end of 2 months, no reaction had taken 
place. 

It will be seen from Table I that the velocity of reaction has increased 
fourfold from the 7th to the 15th day in the systems a, 6 and ¢, and still 
continues rapidly to rise on the 23rd day, after which it becomes practically 
constant. The velocity curves of these systems are, as may be seen from Fig. 1, 
of the autocatalytic type. 

1300 d 


1200 
1100 





Millimols combined oleic acid 
3 
oO 





— 
110 


Days 


Fig. 1. Influence of surface on velocity of esterification. a. 19-5 cm.? b. 62-8 cm.? 
c. 399-0cm.? d. 356 x 10* cm.” 

During the first three weeks of reaction a greyish-white membrane formed 
at the phase interface, which grew in thickness and cracked into fragments; 
such fragments were found suspended in the aqueous phase and also at the 
bottom of the oily phase. 

Experiments carried out on systems a and 6 after the completion of reac- 
tion showed that active lipase was almost exclusively present in the membrane 
and its fragments (Table II). These experiments on the partition of active 
lipase after 108 days of action were carried out in the following way. The 
aqueous phase was separated from the supernatant oily phase; portions of 
both phases were then filtered, and the following four systems were examined: 
(1) filtered aqueous phase—oleic acid; (2) unfiltered aqueous phase—oleic 
acid; (3) filtered oily phase—74 % glycerol; (4) a 74% glycerol suspension 
of the membranes remaining after filtration of the aqueous phase previously 
washed with acetone—oleic acid. The proportion of oily to aqueous phase 
was in all cases the same as in the original systems; the reaction mixtures, 
which each weighed 100 g., were shaken for 6 days at 37°. The results are given 
in millimols of combined oleic acid per 1000 g. of emulsion. It will be seen 
from Table II that the filtered aqueous and oily phases are practically free 
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from lipase, which is present in the unfiltered solution and in the membranes 
themselves. 
Table II. Distribution of lipase. 


Millimols of combined oleic acid found in the following systems. 


Days 
1 2 4 6 
1. Filtered aqueous phase + oleic acid 15 18 18 19 
2. Aqueous phase with membranes + oleic acid 31 — 82 _ 
3. Oleic acid phase without membranes +74 % glycerol ll _- 10 _— 
4, Same as 3, with addition of membranes 50 112 — —- 


The acid content of the aqueous phase amounted at the commencement 
of Experiment a to 31 millimols per 1000 g., and at the end to 93 millimols, 
a gain of 62 millimols; the respective p, values were 6-5 and 4-6. 

The fragments of membrane originating from the aqueous layer, examined 
under a magnification of 80, exhibited a granular structure, unaffected by the 
action of acetone or water; Sudan yellow III stains these membranes only 
very feebly. Those fragments derived from the oily layer contain numerous 
globules, stained strongly by Sudan, and soluble in acetone or ether, but not 
in water; such a membrane assumes an identical appearance to the former 
membranes after ether or acetone extraction. The growth of the membrane 
on the phase interface, which may conveniently be observed with the aid of 
a microscope, lasts for weeks. The membrane gives distinct Millon and biuret 
reactions, and only a very feeble Molisch reaction. 

In Experiment 6 (Table I), on the 60th day, marked by two asterisks, 
most of the aqueous layer was carefully removed by a pipette, leaving a layer 
of about 1 cm. in thickness, together with the membrane. As can be seen 
from the curve, the further progress of the reaction was in no way affected 
by this operation. Whilst during the 30 previous days the quantity of oleic 
acid combined amounted to 152 millimols, an average daily amount of 
5:1 millimols, the amount of synthesis during the subsequent 17 days was 
96 millimols, or 5-6 millimols per diem, t.e. synthesis was even to a certain 
extent increased. It follows from this result that the lower, aqueous layer, 
containing only a very small quantity of fragments of membrane, played no 
part in the catalysis of the reaction. 

The contents of the vessel containing reaction mixture a were on the day 
marked by an asterisk in Table I transferred, after previous removal of the 
upper two-thirds of the oily layer, to a different vessel of a cross-section of 
64-2 cm.?, i.e. practically the same as that used in Exp. 6. The combined 
oleic acid content was found 17 days later to be 291 millimols per 1000 g. oil 
layer, an average daily amount of 17-1 millimols. Had not two-thirds of the 
oily phase been removed, this same quantity of ester would have presumably 
been dissolved in a volume three times as great as that actually present; the 
concentration of combined oleic acid per 1000 g. of oily layer would then have 
been only one-third of the value found, viz. 17-1/3 = 5-7 millimols, a value 
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very close to that actually found in the preceding experiments. This is shown 
in Fig. 1, where the dotted line connecting curve a to b represents synthesis 
after transference to a different vessel. A similar process was found later to 
take place also in emulsions. 

It is not quite clear how it is that in these experiments, involving the 
destruction of the membrane, the synthetic action of lipase remains unim- 
paired. The fragments of membrane, being specifically lighter than water, 
rise to their former position at the oil-water interface, but contact can in no 
case be as close as when the membrane was intact. 








































Table III. Influence of area of surface of contact on velocity of synthesis. 


Millimols of combined oleic acid per cm.? per day. 





No. of days Area of 
cr NW ~ contact 
Exp. 1 7 15 23 30 em.” 
a — 0-05 0-075 0-160 0-14 19-5 
6 — 0-04 0-072 0-100 0-12 62-8 
c — 0-02 0-057 0-065 0-06 399-0 
d* 39 x 10-5 — — — — -- 


* Determinations made only on Ist day, as later data would not be comparable 
with the others. 


Table III gives the number of millimols of combined oleic acid per day 
per cm.” of phase interface. For the first three systems during the interval 
between the 7th and the 15th day of reaction a certain proportionality appears 
to exist between the velocity of reaction and the area of the surface of contact, 
although these surfaces vary as 1:3: 20. The mean velocity of reaction is 
about 0-1 millimol/em.? day, ¢.e. about 6 x 10% molecules of oleic acid 
undergo combination. Since the number of molecules of oleic acid occupying 
1 cm.? of the oil-water interface is about 2 x 10/4 [Langmuir, 1916], it follows 
that the surface film of oleic acid undergoes esterification 3 x 10° times per 
day, or about 8-5 times per second. It is probable that diffusion plays an 
important part in the velocity of this process of replacement of the surface film. 

In the experiment with emulsion, the velocity of synthesis per unit of 
surface is about 250 times smaller than where small contact surfaces exist. 
Here the constituent molecules of the surface film are replaced only once 
every 100 seconds. 

Whilst in Exps. a, 6 and c equilibrium was not attained, it may from the 
shape of the curves be surmised that these would, were sufficient time to be 
allowed, asymptotically approach curve d. The equilibrium constant, 
K = [acid]/[ester], is for experiment d 1-55, and for ¢ 1-75. These values of K 
do not agree with those obtained in other experiments (see p. 1271) using 
similar concentrations of glycerol; the reason for this discrepancy is that in 
these systems the proportion of aqueous to acid phase was relatively too 
small; hence the formula for K, which assumes excess of glycerol and water, 
is not strictly applicable. 

We would, in the light of the experimental data obtained, explain the 
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course of reactions a, 6 and ¢ in the following way. During the first 7 days, 
when the lipase was for the greater part dissolved in the aqueous phase, it 
was not to any great extent in contact with the oily phase. For this reason, 
the velocity of reaction was three times smaller than during the subsequent 
period. The acceleration observed after the first week is thus connected with 
the formation of the membrane containing lipase and forming at the oil- 
water interface, and it is for this reason that the velocity curve has a shape 
similar to that of an autocatalysed reaction. 

In order to find the connection between velocity of reaction and area of 
the phase interface in emulsions, a number of experiments were carried out, 
in which the weight of the aqueous phase was in all cases kept constant (55 g.) 
but that of the oily phase was varied from 5 to 30 g. The aqueous phase was 
a 74-7 % aqueous glycerol extract of lipase. Flasks containing these reaction 
mixtures were shaken for 5 hours at 37°, whereby an oil-in-water emulsion 
was obtained. The radius of the drops of oleic acid was about the same in all 
systems, and amounted on the average to about 25. 1 g. of oleic acid gave 
about 18 x 10® drops, each of which weighed, therefore 562 x 10-7 mg. The 
surface of each drop amounted to 75 x 10-* mm.?, so that the surface de- 
veloped by 1 g. of oleic acid amounted to 18 x 10° x 75 x 10-* mm.? or 
0-14 m.? About 10 molecules of oleic acid are present in each globule of 
the emulsion. Certain of the systems were left 10 days at 37° in order to 


Table IV. Influence of amount of oleic acid on velocity of reaction. 


All systems shaken for 5 hrs. at 37°. 


Millimols Millimols 

Total oleic acid oleic acid 

Aqueous Oleic weight of Areaof combined combined . 

phase acid system interface in 1g. in whole _ [acid] 

Exp. g. g. g. 3 emulsion system [ester] 
1 55 30 85 “2 0-147 12-5 1-28 
2 55 20 75 ‘ 0-168 12-6 1-27 
3 55 10 65 “ 0-19 12-3 1-30 
4* 55 5 60 , 0-20 12-0 1-28 


* Velocity of reaction determined in 1-5 hrs., and amount of synthesis calculated for 5 hrs. 


allow them to attain equilibrium. The initial velocity of reaction is, in our 
opinion, a better index of the activity of lipase than is that obtaining in its 
more advanced stages, when the retarding influence of the reaction of hydro- 
lysis already makes itself felt, and when the velocity of synthesis ceases, as 
a result, to be uniform. 

The results, given in Table IV, show that the velocity of synthesis does 
not depend on the relative amount of oleic acid taken, and hence on the 
surface of contact of the oil and water phases, and the same applies to the 
equilibrium constant. These results are in disagreement with those described 
for Experiments a. b and c, in which the surface of contact was relatively small. 


Order of reaction. The reaction, if bimolecular, should proceed according 


‘ kj+k, 1. logKa_., ee. : ' is ; 
to the equation 9.393 = 7 Ka-(1+K)z° this reaction would be reversible in 














1272 KE. A. SYM 


the presence of excess water and glycerol. A system consisting of 80 g. of 


lipase extract containing 73-6 % of glycerol was shaken for 7 days at 38°, 
samples being taken from time to time for the determination of combined 
oleic acid, expressed in Table V as millimols per 1000 g. of emulsion. 


Table V. Order of reaction. 


Time ky tks 
hrs. (a—-2z) x K =[ester]/[acid] 2-303 
0 472 0 — — 

3 444 28 — 0-021 
15-4 367 105 — 0-020 
26-3 331 141 — 0-019 

420 310 162 —_ 0-016 
co 268 204 0-761 


It will be seen from the figures given in the last column of Table V that 
the above equation agrees fairly well with experiment; the law of mass action 
is thus applicable to this reaction, in spite of the fact that it takes place in 
a heterogeneous system. It follows that the velocity of diffusion does not 
determine the velocity of the reaction in question. 


2. Influence of the relative amount of aqueous phase present on the initial velocity 
of reaction and on the value of the equilibrium constant K = [acid]/[ester]. 


All the systems used in the following experiments contained the same 
weight (20 g.) of oleic acid, but different amounts of 74-7 % glycerol extracts 
of pancreas. The flasks were shaken vigorously for 2 mins. to produce an 
emulsion, and were then shaken gently for 4-5 hrs. at 38°. The number of drops 
of oleic acid, estimated with the aid of a Thoma-Zeiss cell, was practically the 
same in all systems (see Table VI), so that the phase interface in all cases 
was approximately the same, viz. about 2-8 m.? Thus the phase interface, the 
quantity of oleic acid, and the concentration of the constituents of the aqueous 
phase are the same in all systems studied, but the amount of these constituents 
is varied. The effect of thus varying the quantity of enzyme taken on the 
initial velocity of synthesis and on the equilibrium constant is studied by 
determining the numbér of millimols of combined oleic acid per g. of emulsion 
after 4-5 hrs. of action. 


Table VI. Effect on velocity of reaction of varying the quantity 
of aqueous phase. 


Systems shaken for 4-5 hrs. at 38°. 


Millimols 
Millimols combined 
Wt. of combined oleicacid No. of No. of No. of 
Oleic Aqueous whole oleicacid per g. globules globules globules 
acid phase system perg. aqueous in 1 ce. inlg. in whole 
System g. g- g- emulsion phase emulsion emulsion system K 
1 20 20-2 40-2 0-116 0-230 10 x10® 9 x10® 36x108 = 1-27 
2 20 36-0 56-0 0-144 0-224 75x10 63x10 35x10® 1:12 
3 20 72-8 92-8 0-175 0-222 45x10 38x10® 35x10% 1-10 
4 20 1080 128-0 0-155 0-184 33x10 2-8x10® 35x108 1:15 
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The following conclusions may be drawn from the results obtained (cf. 
Table VI). The initial velocity of reaction is to a certain extent proportional 
to the weight of aqueous phase taken, as is shown by the values obtained for 
the ester content of the entire system. For the aqueous phase alone, however, 
the velocity of reaction falls with increase in its volume. The value of the 
equilibrium constant K = [acid]/[ester] does not on the whole vary with 
variations in the volume of aqueous extract taken, as glycerol and water are 
in all cases present in excess. In system 1, however, in which the relative 
concentration of these constituents is smallest, K differs from that of the 
other systems. 


3. Effect on the velocity of reaction and value of the equilibrium constant 
of varying the concentration of glycerol. 


22-5 g. portions of 74-7 % glycerol extract containing lipase were mixed 
with equal weights of solutions of glycerol at various concentrations. Whilst 
the volumes of these systems, and hence the concentration of enzyme in them, 
are not strictly equal, yet the difference between the volumes of the systems 
does not exceed 2 cc. in the extreme cases, and this difference has no practical 
effect on the results obtained for the action of the enzyme. 20g. of oleic 
acid were added to all systems, which were shaken for 22 hrs. at 38°, at the 
end of which time the concentration of combined oleic acid in millimols per 
1000 g. emulsion was determined, whilst the equilibrium constant, 


K = [acid] [glycerol]/[ester] [water], 


was determined at the end of 2 weeks. In this way, the effect of varying the 
concentration of water and of glycerol, whilst keeping the concentration and 
quantity of enzyme, as well as the interphase surface, and the quantity of 
aqueous and fatty phases, constant, was studied. 

The initial velocity of reaction was calculated from the formula 

k, +k 1 K,a 
ee ;' log Kn-(1the 

where e is the concentration of ester. Since the quantity of all substrates 
taken is determined per 1000 g. of emulsion, we have not in our case to deal 
with concentrations in the strict sense of the word. For comparative purposes, 
however, the above formula, based on the law of mass action, may be applied; 
the error due to the above discrepancy does not, in any case, exceed 4%. 

The results given in Table VII show that the reaction is markedly accele- 
rated by increasing the concentration of glycerol, and that the same factor 
shifts the equilibrium point of the reaction in the direction of synthesis. 
A comparison of the equilibrium constants, K, obtained shows that the 
reaction does not, over the range of concentrations taken, follow the law of 
mass action. The values given in the last column show that glycerol, at the 
concentrations taken, does not activate lipase, and that the increase in the 
initial velocity of reaction is due only to the shifting of the equilibrium point. 
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Table VII. Influence of concentration of glycerol on velocity of reaction. 


Millimols Millimols 
combined combined 
oleic acid oleic acid 
Cone. of r 1000 g. r 1000 g. 
glycerol sale meen, ee . K _[ester] ky +k, 
% glycerol water system 2 [acid] 2-303 
62-3 6-8 2-1 52-5 0-257 0-0064 
66-3 7-2 : 64:5 0-44 0-0050 
72-4 § f 100-5 0-61 0-0065 
76-7 “ : 147 1-07 0-0069 
82-4 . 5 180 1-54 0-0077 
88-4 197 2-32 0-0074 Cale. compara- 
tively from ad- 
sorption Exp. 3, 
Table X 
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Effect on the velocity of reaction and the equilibrium constant of varying 
the concentration of enzyme. 


It was here desired to establish whether proportionality exists between the 
concentration of lipase and the initial velocity of reaction, as has been found 
to hold for many other enzymes. With this object, 55 g. portions of mixtures 
in different proportions of lipase extract and of solutions of the same concen- 
tration of glycerol (74:7 %) were taken, and shaken for 6 hrs. at 38° with 
20 g. of oleic acid, after which combined oleic acid, expressed in Table VIII 
as millimols per 1000 g. emulsion [e], was determined. The equilibrium con- 
stant K was determined at the end of 2 weeks of reaction, at which time, 
however, system 4 was still far from the equilibrium state. 


Table VIII. Influence of concentration of enzyme on velocity of 
reaction and on K. 


Millimols 

74:7% Relative combined 

Glycerol glycerol lipase oleic acid 

extract solution concen- per 1000 g. 

taken added tration emulsion 

g. ; [e] e/E K 

156 156 1-15 
lll 149 1-09 
f 27°: ef a 142 1-03 
3°78 “2E “Dé 36 144 — 


The results, given in Table VIII, show that the initial velocity of reaction 
is directly proportional to the relative concentration of enzyme, whilst the 
equilibrium constant is independent of this value. 


ADSORPTION OF LIPASE ON OLEIC ACID. 

40 g. portions of lipase extract were shaken at a definite temperature and 
for a fixed time with oleic acid, and the systems were then centrifuged 
10 mins. The upper layer of oleic acid, of a jelly-like consistency, was then 
removed with a spatula, whilst the lower, aqueous layer was removed with 
a pipette. The lipase content of 20 g. of the aqueous layers was then deter- 
mined by adding 5 g. of oleic acid, and determining velocity of synthesis (v,) 
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as usual, Percentage adsorption of lipase was evaluated by comparison with 
the corresponding velocity v, found in a similar system with fresh lipase 
extract. 

A microscopic examination of the oleic acid layer after centrifuging showed 
that this differed in no way from the whole emulsion except in the greater 
number of globules per unit volume; in particular, the dimensions of the 
individual globules were unchanged. 


1. Connection between quantity of oleic acid and percentage 
adsorption of lipase. 


These experiments were performed on lipase extracts containing 77 % of 
glycerol, at p,, 5-8. The systems were shaken for 10 mins. at 18°, and centrifuged 
for 10 mins. The results, given in Table [X, show that practically the entire 


Table IX. Influence of relative quantity of oleic acid taken on 
the degree of adsorption. 


40 g. of 77 % glycerol lipase solution shaken for 10 mins. at 18° with different quantities of 
oleic acid, system centrifuged for 10 mins., and 5 g. oleic acid added to 20 g. of aqueous layer. 
(v1 — V2) - 100 


Oleic acid taken Time ¢ Ve Y 
g. hrs. millimols Ve/t % 


10 5 22-1 4-4 91 
10 20 95 4-7 90 
4 4 106 26 49 
1-2 4 152 38 26 
Comparative system 3-7 v,=188 v,/t=51 0 
(20 g. original extract, 
5 g. oleic acid) 
lipase is removed from solution by shaking with 10 g. of oleic acid. The re- 
lationship between the quantity of oleic acid taken and percentage sorption 


is shown graphically in Fig. 2. 


2. Velocity of adsorption, and influence of temperature on the 
adsorption equilibrium. 
40 g. portions of lipase extract containing 72 % of glycerol were shaken 
with 1-2 g. of oleic acid at different temperatures and for different lengths of 


Table X. Velocity of adsorption and influence of temperature on the 
degree of adsorption. 


All flasks contain 40 g. of 72 % glycerol lipase solution and 1-2 g. oleic acid; time of reaction 
6 hrs. 
(% 


& 
1 


xp. Vg V,/t 

Shaken 20 mins. at 18° 168 28-0 

a 5 18° 157 26-0 

1 18° 161 27-0 

20 28° 148 24-7 

20 38° 150 25-0 

o 1 ; 38° 148 24-7 
Comparative system: 20g. original v,=215 39 

lipase extract, 5 g. oleic acid 


“IQ CoP bo 
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time, after which the systems were centrifuged for 8 mins., and lipase deter- 
mined as before in the aqueous layer. 

The results, given in Table X, show that the velocity of adsorption was 
too great to be measured under our conditions, as equilibrium was already 
attained after shaking for 1 min. and centrifuging for 8 mins. Percentage ad- 
sorption of lipase was slightly greater at higher than at lower temperatures. 


3. Activity of adsorbed lipase. 


In order to investigate the activity of adsorbed lipase, two systems were 
prepared, containing respectively 40 g. and 20 g. of lipase extract containing 
72 % glycerol and 10 g. of oleic acid. Both systems were shaken for 10 mins., 
and centrifuged for 10 mins., after which 10 g. of the upper layers were care- 
fully transferred to two flasks, each containing 40 g. of 88-4 % glycerol. These 
flasks were then shaken for 4 hrs. at 38°. In this way, two emulsions were 
obtained, each containing 40 g. of aqueous glycerol and about 10 g. of oleic 
acid. The previous experiments showed that the degree of adsorption should 
in both cases amount to over 90 %, whence it follows that the concentration 
of lipase in the first system should be twice as great as in the second. 


Table XI. Activity of adsorbed lipase. 


Exp. Time ¢ hrs. v, millimols v,/t 
1 4 216 54 
2 4 117 29 


The results, given in Table XI, show that the velocity of reaction in the 
first system is 1-86 times as great as in the second. It follows from this that 
adsorbed lipase is not thereby inactivated, and that the initial velocity of 
reaction is proportional to the concentration of adsorbed lipase. 

The equilibrium constant in Exp. 1 was at equilibrium 2:3. 


4. Effect on degree of adsorption of keeping the emulsions at different 
temperatures for 48 hrs. 


In the experiments described at the beginning of this paper it was found 
that the velocity of reaction increased during the second week, giving to the 
velocity curve the appearance of that of an autocatalysed reaction. 

The experiments described in this section had as their object to ascertain 
whether, in those cases in which total adsorption of lipase does not take place, 
the remainder in solution is not later also deposited in some other way on 
the surface of the oleic acid globules. Emulsions of 1-2 g. of oleic acid in 
40 g. of lipase extract (72% glycerol) were left in separating funnels for 
48 hrs. at different temperatures. At the expiration of this period the oleic 
acid globules had collected in the upper layers of the system, and samples of 
the lower, aqueous layer were analysed as usual for lipase. No inactivation of 
lipase can have taken place in this time, as our first experiments had shown 
that lipase, in membrane form, retains its activity even after 3 months. 
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Table XII. Second period of sorption. 


v % elimina- 
Combined tion of 
Duration of Time ¢ oleic acid lipase from 
Exp. Temp. emulsion hrs. millimols oft solution 
i 18° 20 mins. 4 110 27-5 23 
2 18° 48 hrs. 4 99 25 31 
3 38° 20 mins. 4 104 26-0 27 
4 38° 48 hrs. 4 47 11-8 67 
5 Comparative system 4 144 36-0 0 


The results, given in Table XII, show that the further removal of lipase 
from solution, after the first, rapid process of adsorption, takes place com- 
paratively slowly, and that its progress is to a large extent dependent on 
temperature. Thus sorption of lipase during this second period amounts at 
18° to 31—23 = 8 %, whilst at 38° the difference is 67 —27 = 40 %, 1.e., the 
globules of oleic acid remove during this second period five times as much 
lipase at 38° as at 18°. 


5. Connection between relative quantity of oleic acid and percentage sorption of 
lipase during the second period of elimination from solution. 


The experiments described in this section were made in the same way as 
those of the previous section, except that the quantity of oleic acid was varied, 
and that the lipase extract here contained 77 % glycerol. For comparison 
with the first period of adsorption, the results obtained are compared in 
Table XIII with those of Table IX, and are also shown graphically in Fig. 2. 


Table XIII. Connection between relative quantity of oleic acid taken and extent 
of elimination of lipase during the second period of adsorption. 


% adsorption, duration of emulsion 


Ist period 2nd period 

| 

Exp. Adsorbent 20 mins. 24 hrs. 48 hrs. 
1 1-2 g. oleic acid 26 49 65 
2 2-5 * — _ 91 
3 + FS 49 — _ 
4 5 ne 82 96 
5 10 s 91 98 99 


The results obtained (Table XIII) show that the removal of lipase from 
solution during the second period is due to some factor other than adsorption; 
this process proceeds very slowly, and is dependent on temperature. 

Combining these results with those obtained in the first experiments 
described in this paper, it might be concluded that the second period consists 
in the formation at the phase interface of lipase-containing membranes. 

Since in all subsequent kinetic experiments we used such quantities of 
oleic acid that practically the whole of the lipase present was adsorbed during 
the first period, one can readily comprehend why it was that in these later 
experiments the velocity of reaction was not proportional to the area of the 
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phase interface, and that the autocatalytic type of reaction observed in the 
first experiments did not recur in the subsequent ones. 


100 il 
90 
80 


70 





adsorption 


/O 
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2295 4 6 10 
Oleic acid (g.) taken per 40 g. of lipase solution 


Fig. 2. Relation between percentage adsorption and time. 
I. 20 mins. II. 24 hrs. III. 48 hrs. 


6. Reversibility of adsorption of lipase. 


40 g. portions of lipase extract (72 % glycerol) were shaken for 10 mins. with 
4 g. portions of oleic acid, and the systems were then centrifuged. The lipase 
content of the lower aqueous layer was determined as described above in 
order to determine adsorption, which amounted to 43-3 % (Exp. 2, Table XIV). 
This value is derived in the following way: the entire lipase of the system, when 
shaken with 10 g. of oleic acid, gives a value for combined oleic acid of 
144 millimols/1000 g. emulsion (Exp. 1). Percentage adsorption would there- 
fore be equal to 100 (144 — 81-7)/144 = 43-3, where 81-7 represents the 
number of millimols of synthesis obtained in Exp. 2. 

The oleic acid layer was transferred to a fresh 40 g. portion of lipase 
extract, again shaken for 10 mins., and centrifuged, and the lipase content 
of the aqueous layer determined; the difference between the first and the 
second values would represent elution, which amounted to 32 % (Exp. 3, 
Table XIV). Since 81-7 millimols represents the activity of unadsorbed lipase, 
it follows that that of adsorbed lipase would be given by 144 — 81-7 millimols. 
Since eluted lipase accounted for a synthesis represented by 19-9 millimols, 
percentage elution would be given by 100 x 19-9/(144 — 81-7) = 32 %; conse- 
quently adsorption in this system is 68 %. 

In order to ascertain whether the definitive adsorption equilibrium is the 
same whether the lipase is present originally exclusively in solution or in 
adsorption, glycerol solutions (40 g.) containing an amount of lipase equal to 
that adsorbed by oleic acid in the above experiment (44 %) were shaken with 
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4g. of oleic acid, and percentage adsorption determined as before (Exps. 
4 and 5). The value of 59 % adsorption is obtained as follows: combined oleic 
acid in system 5 amounts to 24-3 millimols, whilst where the whole of the 
lipase acted 59-7 millimols were combined. Hence percentage adsorption is 
given by 100 (59-7 — 24-3)/59-7 = 59. 


Table XIV. Elution of lipase. 


Combined 
oleic acid 
millimols 
per 1000 g. % % 
Exp. Conditions emulsion adsorption elution 


1 Activity of total lipase. 
Comparative system to 2. 10 g. oleic acid 
shaken 4 hrs. with 40 g. lipase extract at 38° 144 — — 


2 Activity of unadsorbed lipase. 
4 g. oleic acid shaken with 40 g. lipase extract, 
centrifuged, and 10 g. fresh oleic acid shaken 
with 40 g. aqueous layer 4 hrs. at 38° aes 81-7 43-3 _- 


3 Activity of eluted lipase. 
4 g. oleic acid shaken with 40 g. lipase extract, 
centrifuged, oleic acid layer shaken with 40 g. 
72 % glycerol solution, centrifuged, and 10 g. 
oleic acid added to aqueous layer, then 


shaken 4 hrs. at 38° ... oo a8 — 19-9 68 32 
4 Same as Exp. 1, but concentration of enzyme 

44 % that of Exp.1 ... — ae as 59-7 — — 
5 Same as Exp. 2, but concentration of enzyme 

44 % that of Exp. 2 ... ae cae aoe 24-3 59 — 


Initial percentage adsorption was calculated from the initial velocities of 
reaction in Exps. 1 and 2, corresponding respectively to the activity of total 
lipase and to that of residual, unadsorbed lipase. Percentage adsorption from 
solutions containing 44 % of the amount of lipase present in Exp. 1 was 
evaluated from the velocities of reaction in Exps. 4 and 5, corresponding to 
1 and 2. Finally, percentage elution (32%) was determined from Exps. 
1, 2 and 3. 

It follows from Exps. 3, 4 and 5 that adsorption is only partially rever- 
sible, since where the enzyme was at the commencement entirely in adsorption, 
68 % remained, whilst where the same quantity was at first entirely in solu- 
tion, only 59 °%% underwent adsorption. Percentage adsorption is greater at 
lower than at higher concentrations of lipase, being respectively 59 and 
433%. 

Discussion. 

Lipase acts at the phase interface in the system lipase-glycerol extract— 
oleic acid. 

When the two phases are in contact with one another, at the commence- 
ment of the reaction lipase disappears from the aqueous phase and accu- 
mulates at the phase interface. This process takes place in two ways. The 
first of these is of the nature of adsorption, as follows from its rapid completion 
and its comparative independence of temperature. Lipase so adsorbed is 
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active, and a proportionality exists between the quantity of adsorbed lipase 
and the amount of synthesis occurring. 

The second process of accumulation of lipase depends probably on the 
formation of a membrane at the phase interface, as is shown by the experi- 
ments dealing with small surfaces, as well as by the slow disappearance of 
lipase from solution, and by the dependence of this process on temperature. 

The area of contact of the two liquid phases has a noticeable effect on the 
velocity of reaction only where this area is comparatively small, and, conse- 
quently, comparatively large quantities of lipase are accumulated on a small 
surface. In such cases such factors as diffusion and the time necessary to 
form the membrane may undoubtedly affect the velocity of reaction. We can, 
by comparing the results obtained from experiments on adsorption with those 
found for experiments on the influence of the area of the surface of contact, 
roughly estimate what is the smallest area of contact necessary in order to 
obtain total adsorption of lipase during the first period. The first experiment 
on adsorption showed that using four parts of lipase extract to one of oleic 
acid, adsorption is practically quantitative. 1g. of oleic acid develops an 
area of 0-14 m.? in emulsions, whence it follows that using similar quantities 
of aqueous extract to those taken in the surface experiments, 7.e. about 
220 g., we should need to add 55 g. of oleic acid, with a surface of 7-7 m.*, in 
order to obtain quantitative adsorption of lipase in the first period of elimina- 
tion from aqueous solutions. It follows, therefore, that in Exp. a (ef. p. 1267) 
only 1/200th part of the lipase present was adsorbed during the first period, 
whilst the remainder gradually accumulated during the process of membrane 
formation. 

On the assumption that in Exp. d (p. 1267) the whole of the lipase present 
is active, the percentage of active lipase in Exp. c (p. 1267) may be estimated 
in the following way. During the second week of reaction (Exp. c) about 
35 millimols of acid were combined daily, whilst in Exp. d 193 millimols of 
acid were converted into ester on the first day of reaction. It hence follows 
that only one-fifth of the amount of active lipase in Exp. d was present in 
Exp. c. 

SumMaRY. 

An examination of the system oleic acid—aqueous glycerol—pancreatic 
lipase yielded the following results. 

1. Lipase undergoes sorption at the oil-glycerol interface in two ways. 
The first is a process of adsorption which is completed within a few minutes, 
and the velocity of which is independent of temperature. The second process 
consists in the formation of a membrane at the phase interface; this process 
takes place five times as rapidly at 38° as at 18°. The whole of the lipase 
remaining in solution after the completion of the first rapid process of sorption 
is concentrated in this membrane by the end of a few days. The membrane 
gives the Millon and the biuret reactions, as well as a feeble Molisch reaction. 
2. The adsorption of lipase on oleic acid is partly reversible. 
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3. Only lipase present at the phase interface is active; for this reason, 
in systems in which the phase interface is smaller than that necessary to 
remove the entire lipase present by the first process of adsorption, the velocity 
of reaction is to a certain extent proportional to the area of the phase interface. 
Above this limiting value the area of the surface of contact does not affect 
the velocity of synthesis. 

4, The reaction of synthesis of olein gives results in agreement with a 
biniolecular reaction. It would, therefore, appear that the reaction in question 
follows the law of mass action, although it takes place in a heterogeneous 
system. . 

5. Where the quantity of aqueous phase is varied, keeping the contact- 
surface, the amount of oleic acid and the concentration of lipase constant, 
the initial velocity of reaction increases for the whole system with the amount 
of aqueous phase taken. The number of millimols of combined oleic acid per g. 
of aqueous phase falls, however, with increase in volume of the latter phase. 

6. The effect of increasing the concentration of glycerol in the aqueous 
phase is to accelerate reaction and to shift the equilibrium point in the direc- 
tion of synthesis. The reaction does not, over the range of concentrations taken 
in these experiments, follow the law of mass action. 

7. The initial velocity of reaction, but not the equilibrium constant, is 
directly proportional to the concentration of enzyme in the aqueous phase. 


The author desires to express his sincere gratitude to Professor St. J. 
Przyclecki for his unfailing advice and assistance during the prosecution of 
this research, as well as to Dr R. Truszkowski. 
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THE phenomenon of invertase-acceleration by serum was first observed in the 
course of a biochemical investigation into the causal factors of an experimental 
immunity produced against the myiasis-producing larva of Cordylobia anthro- 
pophaga [Blacklock, Gordon and Fine, 1930]. Although this phenomenon was 
of no interest from the point of view of the inquiry that led to its discovery, 
I became interested in it because of its possible application to diagnosis. 

Further investigation into the properties of the invertase-accelerator, how- 
ever, revealed the fact that acceleration could be replaced by inhibition by 
altering the py of the enzyme mixtures. 

Throughout the investigations vegetable invertase only was used; no 
studies were carried out with animal invertase. 


HISTORICAL. 
The term “enzyme-accelerator.”” 


It is necessary to point out that this term is not synonymous with the term 
co-enzyme, which nevertheless has been used as an alternative name for it 
[Lewis and Corran, 1928]. A co-enzyme is an integral part of the enzyme system 
itself, which cannot function apart from it. An accelerator, however, merely 
increases the velocity of the reaction produced by the enzyme. 

Unfortunately, the term co-enzyme was first applied [Bertrand, 1897], to 
a substance which was really an accelerator—namely, to manganese in its 
action on laccase. 

One of the first examples of a true co-enzyme was supplied by Magnus 
[1904], who proved that liver extract lost its lipolytic action on dialysis: the 
dialysate, which restores lipolytic action on addition to the residue, is the 
lipase co-enzyme. 
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Enzyme-accelerators in serum. 

The literature contains references to three enzyme-accelerators in serum, 
namely, lipase-accelerator, amylase-accelerator, and invertase-accelerator. 
When serum also contains the corresponding enzyme, it must obviously be a 
matter of some difficulty to prove the existence of an accelerator as well, and 
I propose to show that the evidence submitted for the existence of an amylase- 
accelerator is inadequate. 

Examination of the evidence for amylase-accelerator. It has been shown re- 
peatedly, since Magendie’s first demonstration [1846], that serum possesses 
diastatic action. Consequently the addition of serum to an active diastatic 
solution would enhance the action of the latter merely by virtue of the presence 
of diastase in serum. Such enhanced action in itself is no evidence of the 
presence of an accelerator. Thus, the work of Pozerski [1903], Wohlgemuth 
[1911], and Crohn and Epstein [1914], who all showed that serum “stimulates” 
pancreatic diastase, goes no further than confirming the presence of diastase 
in serum. 

O’Donovan and Davison [1927], however, claim that serum possesses an 
amylase-accelerator on the ground that the addition of serum increases the 
starch-liquefying properties of pancreatic extract, while serum alone has no 
liquefying action on starch. This work, however, merely shows that by using 
viscometric methods it is impossible to demonstrate amylase in serum. Were 
it possible to accept the fact that serum does not contain amylase, the in- 
ference of the above authors that serum contains an amylase-accelerator would 
be valid. There is overwhelming evidence however that serum contains 
amylase. 

Iipase-accelevatur in serum. This was first demonstrated by Beitzke and 
Neuberg [1906], and later by Rosenheim and Shaw-Mackenzie [1910]. Some 
recent workers, however, seem to have overlooked the fact that serum also 
contains lipase. Serum-lipase has in fact been extensively studied for diag- 
nostic possibilities by Vanysek and Felklova [1924], Katsch [1925], Buchler 
[1924], and others. 

Lipase-accelerator, it has been claimed by Lewis and Corran [1928], is 
diminished in cancer and restored to normal in the course of lead treatment. 
These workers, however, entirely ignore the existence of serum-lipase and 
attribute ail action in their serum-lipase mixtures to the accelerating action of 
serum. Furthermore, they at times refer to their lipase-accelerator as a lipase 
co-enzyme and quite unnecessarily coin the term “augmentor” for an acceler- 
ating substance which has little destructive action on the enzyme. Confusion 
of this kind as to co-enzyme and accelerator, as well as failure to control the 
enzyme when investigating enzyme-accelerators, renders invalid a good deal 
of work on this subject. Not all sera contain lipase-accelerator, though all sera 
examined so far have been found to contain lipase. 

The following table shows the distribution of lipase and lipase-accelerator 
in some of the sera I examined. 
s1— 
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Lipase- 
Lipase accelerator 
Guinea-pig + - 
Rat t - 
Cow 4. 
Man + 
+ =present. — =absent. 


The work of Abderhalden on serum-invertase. In spite of the statement, 
which is very widespread, that normal serum has the power of inverting 
sucrose, experiments carried out to test this power in no case confirmed the 
presence of invertase in serum. The authority for this statement appears to be 
two papers published by Abderhalden, one in collaboration with Kopfberger 
[1910], and the second with Schiff [1910]. 

In the first paper it is claimed that invertase was found in serum by 
studying the polarimetric changes when serum is mixed with sucrose. In the 
second paper it is claimed that within a few minutes of injecting sucrose 
parenterally into a dog there appeared a great increase in the inverting power 
of serum. 

Although Weinland [1907], previously claimed to have obtained serum- 
invertase following injections of sucrose, no confirmation of these results by 
other workers could be found; it was therefore considered desirable to test 
their validity. 

EXPERIMENTAL. 


Investigation of the results of Abderhalden. 


(1) Examination of serum for invertase. Two tubes were incubated at 37°, 
the first containing guinea-pig-serum, sucrose, and buffer, the second, serum 
and buffer only. 

In this, and in all subsequent experiments wherever buffer solutions were 
required, the buffer solutions of Clark and Lubs were used (acid potassium 
phthalate or acid potassium phosphate, as required, combined with HCl or 
NaOH). The composition of the two tubes is indicated in the following table: 


Tube 1 Tube 2 


ce. ce. 
Serum 0- 0-1 
Sucrose 5 % 0- -- 
Buffer py 4 0- 0-9 


After 24 hours 0-1 cc. was removed from each tube, and the reducing sugar 
estimated by a modification of MacLean’s method. The composition of the 
copper solution used was: 


CuSO,, 5H,0 on a 5 g. 
Tartaric acid sik on 14 g. 
Na,CO is si es 130 g. 
a isa ies didn 5-5 g. 
KIO, ke pai ins 0-5 g. 
H,O0 ~~ sii ve to 1 litre. 
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2 cc. of this fluid were equivalent to 1-2 mg. glucose or 1-2 mg. invert sugar: 
this amount of sugar just exceeds the maximum obtainable by inversion of 
the sucrose dissolved in 0-1 cc. of the incubated fluid (7.e. 1-05 mg. invert 
sugar). 

The actual estimation was carried out as follows. 0-1 cc. of the incubated 
fluid was transferred to a test tube and 0-5 cc. phosphotungstic acid mixture 
(formula by Taervert [1925]) added to coagulate proteins. The mixture was 
diluted with 5 cc. distilled water, filtered into a boiling-tube, and the residue 
washed with 5 cc. more distilled water. The filtrate was then heated with 2 cc. 
of the copper solution for 10 min. in a boiling water-bath. The tube was finally 
cooled, 1 ec. 25 % HCl was added and the liberated iodine estimated as in the 
MacLean method, N/250 sodium thiosulphate being used. A blank estimation 
was carried out without incubated fluid. 

Although a source of error might be expected from the glucose normally 
present in serum, this error was found to be negligible in the above experi- 
ments. 

No reducing sugar was obtained in either of the incubated tubes, even after 
three days. 

This experiment was repeatedly performed, and consistent results were 
obtained. The sera of cow, rat, sheep, and man gave similar results. A similar 
experiment carried out with human serum acting at py 7 showed absence of 
any inversion at this hydrogen ion concentration (the optimum for animal 
invertase). 

(2) Influence of sucrose injections on serum. Five guinea-pigs were injected 
intraperitoneally with varying amounts of sucrose. The sera were examined 
for invertase and sucrose (and in some cases reducing sugars), and the urine 
was examined for sucrose and reducing sugars. 

(a) In the case of serum, tubes were incubated as follows: 


Tube 1 Tube 2 Tube 3 
ee. ce. ce. 
Serum 0-1 0-1 0-1 
Invertase 0-2 -- a 
Sucrose 5 % — 0-2 —_— 
Buffer py 5 0-7 0-7 0-9 


The invertase used was a commercial preparation (Martindale’s) in solution 
form and preserved in glycerol. 

After 24 hours the reducing sugar in each tube was estimated by the 
modified MacLean’s method already described. 

Tube 1 indicated the amount of blood-sucrose. 

Tube 2 indicated the presence of invertase in serum. 

Tube 3 indicated the amount of reducing sugar in serum only if present in 
increased amount (above 0-4 %) since, as already pointed out, the normal 
glucose content of serum is inappreciable in the technique adopted. Such 
increase in the reducing sugar content of serum might indicate that inversion 
of absorbed sucrose was taking place. 
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(6) The urines (collected separately after each act of micturition) were 
incubated as follows: 


Tube 1 Tube 2 
cc. ee. 
Urine +] 0-1 
Invertase 0-2 a 
Buffer py 5 0-7 0-9 


The results of the experiments are shown in Table I. 


Discussion of foregoing results. 


(a) It will be seen that one consistent result obtained is the absence of 
any inverting power of serum following sucrose injections. 

(5) In most cases the injections were followed by excretion of sucrose within 
an hour. Owing to the difficulties of collecting urine, only limited amounts 
were collected—usually the quantities passed during the first few hours after 
injections. Only occasionally was reducing sugar present in the urine, and 
then in very small amount. 

(c) Sucrose was rarely found in the blood except when the injections caused 
death. Guinea-pig S is interesting in showing 4 % sucrose in the serum 19 
hours after the first injection, and 0-33 % 44 hours after the third: yet the 
serum of S never showed a rise in reducing sugar. 

(d) Although the five guinea-pigs reacted differently to the injections of 
sucrose as regards rapidity of sucrose excretion and blood-sucrose content, 
yet the results seem to justify the conclusion that the normal mode in which 
the body deals with parenteral introduction of sucrose is not by the formation 
in the blood of invertase, but simply by excretion of the unchanged sugar. 

It is true that not all the sucrose injected was recovered from the urine: 
but even assuming that the sucrose was not all dealt with by excretion, it is 
significant that the urine rarely showed the presence of any reducing sugars, 
while the serum never showed a rise in reducing power. These facts strongly 
suggest that no inversion took place in the blood. Above all, on no occasion in 
the course of 23 tests was invertase found in the serum following injections of 
sucrose, although the tests were carried out at intervals after an injection of 
25 minutes to 4 weeks (in the case of guinea-pig S). 

The question as to whether substrates can act as antigens and evoke the 
response of enzymes (antibodies) has been much debated [Bayliss, 1923]; the 
foregoing experiments do not bear out the immunological analogy. 


The experimental production of invertase in guinea-pig serum. 


Although serum does not normally contain invertase, it can be experi- 
mentally endowed with inverting properties. 

Intraperitoneal injections of invertase were given to determine whether an 
anti-invertase would appear in response to invertase injections: the same 
commercial preparation already referred to was used. It was in the course of 
these experiments that the observation was made that normal serum acceler- 
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ated invertase action: this accelerating effect was not affected by invertase 
injections. The injections, however, conferred on the serum inverting pro- 
perties, so that, following the injections, the serum contained both invertase 
and invertase-accelerator. 
Two guinea-pigs were injected with invertase, the first receiving a single 
large injection (5 cc.), and the second receiving 6 successive injections of 1 ce. 
The results are graphically represented in Fig. 1. 
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Fig. 1. Activity of serum-invertase following injection of commercial yeast invertase 


(Martindale’s). 
Guinea-pig A. -s--- Guinea-pig B. 





In each case the serum was examined by incubating 0-1 cc. with 0-2 cc. 
5 % sucrose, and 0-7 cc. buffer py 4. After 2 hours, 0-2 cc. fluid was withdrawn 
and analysed for reducing sugar. Controls were throughout incubated con- 
taining serum and buffer only: they never gave any reduction. 

Abderhalden and Wertheimer [1922] also report failure to obtain anti- 
invertase following injections of invertase. 


Demonstration of invertase-accelerator in serum. 
The influence of guinea-pig serum on yeast invertase was determined by 
incubating the following tubes: 


Tube 1 Tube 2 Tube 3 
cc. ce. ce. 
Serum 0-2 0-2 -- 
Invertase 5 % 0-5 -- 0-5 
Sucrose 5 % 0-2 os 0-2 
Buffer pp 4 1-1 1-8 1-3 


The tubes were incubated at 37°, and after varying intervals 0-2 cc. 
(= 1 mg. sugar) was analysed for reducing sugar. 


Results: % sucrose % sucrose 
inverted in inverted in 

No. of tube Contents 50 min. 7 hr. 

1 Serum + invertase 100 100 


2 Serum 0 0 
3 Invertase 35 100 
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This result was frequently confirmed; in some instances more frequent 
estimations were carried out than in the above experiment. 


Properties of the invertase-accelerator. 


Influence of the concentration of invertase. It was found that acceleration 
was not obtained with all concentrations of invertase. In the foregoing ex- 
periment the concentration of invertase used was 1-25 %: greater acceleration 
was obtained using weaker invertase, but no acceleration was obtained with 
5 % or stronger invertase. These results are summarised in Table II. 


Table IT. 
0-25 % 1-25 % _ 5% 
invertase invertase invertase 
Action without serum (A) 
(% inversion in 1 hr.) 1 42 No acceleration 
Action with serum (B) by oe 
(% inversion in 1 hr.) 30 100 obtaine 
Acceleration = - 29 1-4 


Influence of the concentration of serum. Using a very weak invertase (0-1 % 
of the commercial preparation), the effect of varying concentrations of serum 


was determined (Table III). 


Table III. 
% serum % inversion of 
present sucrose in 23 hrs. 
10 40 
5 32 
2-5 20 
1-2 6 
0 0 
42 
40 
z 
a 38 
oa 
nN 
& 36 
a 
3 
8 
2 34 
2 
2 
a 
A 32 
xo 
3e 
30 
10 20 30 40 50 


% concentration of serum 


Fig. 2. Influence of serum concentration on its acceleration of yeast invertase 
(serum up to 50%). 
In this experiment invertase =0-05 %, sucrose=5 %, pa =4. 
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For low concentrations of serum the relationship of serum concentration 
to invertase activity seems to be linear. 

In Fig. 2 is shown the influence of serum concentration up to 50%. 
According to this curve the optimal concentration for serum acceleration is 
about 20 %. 

Effect of heat and of chloroform on the invertase-accelerator. Four tubes were 


incubated as follows: 
Tube 2 Tube 3 Tube 4 
cc, cc. cc. 


Invertase = cag sy . . 0-1 0-1 
Sucrose 5% ... sae nee ; , 0-1 . 
0-7 
0-1 
To tube 4 was added a layer of chloroform, and the tube contents were 
shaken up before incubation. 
After 24 hours the amount of inversion was determined in the usual manner 
(Table IV). 
Table IV. 
% inversion 


No. of tube Contents in 23 hrs. 


Invertase only 0 
Invertase plus unheated serum 40 
Invertase plus heated serum 22 
Invertase plus serum plus CHCl, 50 


The above experiments indicate that heating to 70° for } hour impairs, 
but does not destroy, the invertase-accelerator of serum. Chloroform appears 
to enhance the action, but this result was not confirmed. 

Biological variations. The sera of cow, sheep, rat and man were examined 
for invertase-acceleration, and in all cases this phenomenon was obtained, 
though in varying degrees. 

In the following experiment the invertase-accelerators in the sera of man, 
sheep, and guinea-pig were compared (Table V). In each case a weak invertase 
(0-1 % of the commercial preparation) was incubated with 10 % of the serum, 
and the inversion determined after 21 hours. 


Table V. 


Source of serum % inversion 
(Serum absent) 37 
Man 44 
Guinea-pig 82 

° Sheep 100 


The effect of p;,. In the following series of experiments the invertase used 
was prepared from yeast. 50g. were ground up with a little distilled water, 
and the emulsion diluted with water to 300 cc. The mixture was shaken up with 
3 g. CaCO, and incubated for three days at 37°, a layer of toluene being added 
to prevent bacterial growth. The mixture was then crudely filtered through 
filter paper, and then further filtered through a Seitz bacterial filter. The 
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resulting filtrate was a perfectly clear yellow liquid and contained a very 
active invertase. Clouding and precipitation gradually developed, however, 
so that Seitz filtration was necessary every two weeks; the activity of the 
invertase, however, remained unimpaired by these changes. 

The effect of p, was determined for sheep-serum and for guinea-pig-serum 
only. The range chosen was from 3 to 8. In each case 12 tubes were incubated 


as follows: 


=] 
c 
z 


e 

Contents 1 
Invertase 10 % 
Sucrose 10 % 


0- 
l ° 
Buffer 0- 
Distilled water 0- 
0 
3 


NAO 
bo ac 

Nad 
wm IOke SO 


Serum 
Pu of buffer added 


A SSOStS a 
bo 10 = 
P S9OSHTO a 
PF SOSH w 
I SPSHS © 
SN coorer 


In addition, two control tubes were put up—one of serum with sucrose, 
and one with serum alone. The latter gave the glucose content of serum (which 
was subtracted from the total reducing sugar found in the reaction tubes), 
and the former acted as a control for serum-invertase, which was never found. 

Sheep-serum. Fig. 3 illustrates the results obtained with sheep-serum after 
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Fig. 3. Influence of py on invertase-accelerator of sheep serum. 
In this experiment invertase =0-5 %, sucrose =5 %. 


18 hours’ incubation. From each tube 0-1 cc. was removed and added to 
1-4 ce. distilled water. 0-1 cc. of the mixture was analysed for invert sugar by 
Hagedorn and Jensen’s method; by calculation the maximum invert sugar 
obtainable from this amount is 0-35 mg. 

Guinea-pig-serum. 12 tubes were incubated as in the case of sheep-serum, 
a weaker invertase (0-2 % instead of 0-5 %) being used. These results are 
illustrated in Fig. 4. 

Fig. 5 shows the influence of guinea-pig-serum on a much weaker invertase 
and a more dilute substrate (0-05 % invertase and 0-5 °% sucrose). 

It will be noticed that (a) at py, 5 serum has no influence on invertase in 
the case of both sheep and guinea-pig: (b) sheep-serum accelerates invertase 
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only in the neighbourhood of py, 3—there is a definite inhibition of invertase 
at py 5: (c) guinea-pig-serum possesses a definite zone of invertase-inhibition 


100 


gar 


80 


after 18 hrs. 
b = 
o °o 


Inversion of cane su 
i) 
o 


/O 


o/ 


Pu 
Fig. 4. Influence of pg on invertase-accelerator of guinea-pig-serum. 
In this experiment invertase =0-2 %, sucrose =5 %~ 
in the neighbourhood of py 6, this zone expanding with increase in the 
concentration of invertase used. 


after 24 hrs. 
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< 
4 


Pu 


Fig. 5. Influence of pq on invertase-acceleration of guinea-pig-serum. 
o/ 


In this experiment invertase =0-05 %, sucrose =0-5 %. 


SUMMARY. 


1. Serum does not normally contain invertase. 
2. Intraperitoneal injections of sucrose do not give rise to serum-invertase. 


ae 


3. Itis possible to produce invertase in serum by intraperitoneal injections 
of invertase. 
4. Serum possesses the power of accelerating yeast-invertase. This in- 
vertase-accelerator possesses the following properties. 
(1) It acts only on dilute invertase. 
(2) It is not destroyed by heating to 70° for 30 minutes, a treatment 
destructive to invertase. 
(3) It is not diminished by shaking the serum with chloroform. 
(4) The extent of acceleration varies with the concentration of serum: 
the relationship is linear for weak concentrations of serum: acceleration is at 
a maximum at 20 %, and diminishes at higher concentrations of serum. 
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(5) The effect of p,, is very striking. In both sheep and guinea-pig there 
is no influence on invertase action at py 5: in sheep-serum, using less dilute 
invertase, acceleration is obtained only at py 3, while at py 4 and above 
Py 5 there is invertase-inhibition: in guinea-pig-serum invertase-inhibition 
occurs only at py 6, while acceleration is obtained at py, 3 to 5 and 7 to 8, when 
very weak invertase is used: increasing the concentration of invertase widens 
the py band of inhibition. 

5. Invertase-accelerator is present in the sera of man, sheep, cow, guinea- 
pig, and rat. 

6. Lipase-accelerator is the only other enzyme-accelerator so far demon- 
strated in serum. An amylase-accelerator has been suggested, but the evidence 
is unsatisfactory. 


Acknowledgments are due to Prof. D. B. Blacklock (formerly Director of 
the Sir Alfred Lewis Jones Laboratory, Freetown), and to Dr McCartney, 
Director of the Pathological and Research Laboratories of the Metropolitan 
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details of experiments carried out in their respective laboratories. 
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A SERIES of experiments [Rosedale, 1922, 1928], by van Slyke’s method, upon 
various mammalian tissues has shown but slight variation. The white meats 
of chicken and of pork indicated the possibility that the amount of lysine 
might be slightly lower than in the other tissues examined, but at the time of 
making those determinations it was realised that the experimental procedure 
was not perfect, so that too great reliance could not be placed upon the figures. 
The whole method was carefully examined by Plimmer and Rosedale [1925], 
who so modified the method that experience with their technique may now 
lead to results which at least may be considered comparative. With this im- 
proved technique carcinoma tissue was analysed [Rosedale, 1928], and a low 
figure for lysine (2-5 % of the total nitrogen) was found in this degenerate 
tissue. From analyses of certain fish tissues [Rosedale, 1929] it appeared that 
the amount of histidine was slightly, though definitely, higher in fish tissue 
than in most of the normal mammalian tissues which had been previously 
examined. 

It was of interest, therefore, to extend this comparison of the diamino-acid 
content of tissues to lower animals including, as far as possible, one member 
from each of the main zoological families. The survey, which is by no means 
as complete as we should like, is reported in this paper, since certain differences 
seem to exist between the different tissues which have been analysed. 


EXPERIMENTAL, 


In order to avoid as much error as possible, the preparation of each tissue 
has been considered separately. The tissues include those of the crocodile, the 
cockroach, the larvae of the mosquito Anopheles ludlowi, the oyster, and a cal- 
careous sponge (monaxonid). Of these, the crocodile tissue alone was considered 
to be susceptible of the same treatment as was employed with mammalian 
and fish tissues, which consisted in mincing and extracting in a boiling solution 
of 0-1 % acetic acid, to coagulate the protein and to remove the extractives. 
The tissue, which is a white meat resembling chicken flesh in appearance and 
taste, was extracted three times, the coagulated tissue being squeezed dry in 














AMINO-ACIDS OF TISSUES 1295 


a cloth after each extraction. The extracted material was then digested with 
pepsin in 0-1 N HCl at 40° for 11 days. The filtrate from the pepsin digest was 
used for the determinations. 

The cockroaches were broken up in a mortar, dried and thoroughly ex- 
tracted with ether before treatment with 0-1 % acetic acid. A heavy extract 
was obtained necessitating four extractions with the acid. The coagulated 
material was then digested with pepsin. Although concordant results were 
securéd in the duplicate van Slyke analyses, only about 90 % of the total 
nitrogen of this tissue was accounted for. It was unfortunately impossible to 
make any further experiments with this material. 

The amount of mosquito larvae available was not large on account of the 
great difficulty in collecting a sufficient number of the same species. We used 
16 g. of this material which had been preserved in alcohol during the period 
of collection. Since it was possible that some protein might have been ex- 
tracted by the alcohol, we evaporated the alcohol and added the residue to the 
larvae which were ground in a mortar and extracted with ether. The whole 
was then treated with 0-1 % acetic acid and digested with pepsin. 

The oysters offered considerable difficulty, but since this material was 
easily obtained a more thorough examination of the process of preparation 
has been made. When the material was dried, minced and extracted with acetic 
acid we found large increases in the amide- and humin-nitrogen values. Since 
this might be due to the presence of glycogen, after many trials we adopted 
the following procedure. The oysters, while fresh, were boiled in water which 
had been made slightly alkaline with sodium carbonate; the tissues were then 
dried, ground in a mill, and extracted with ether. They were then extracted 
several times with 0-1 % acetic acid and digested with pepsin. 

The sponges were first broken up and cleaned by immersion in dilute HCl 
for several days. The solid pieces of sponge were then picked by hand, freed 
from any seaweed, washed with water, dried, ground and extracted with ether. 
They were then treated in the usual way with acetic acid and pepsin. The treat- 
ment with dilute HCl extracted a certain amount of protein from the material. 
This was precipitated with ammonium sulphate and dialysed. The material 
after dialysing was digested with pepsin before analysis by van Slyke’s method. 

After digestion with pepsin, all these tissues were hydrolysed with 25 % 
HCl and analysed by van Slyke’s method exactly as described by Plimmer and 
Rosedale [1925]. 

In carrying out the hydrolysis of fish tissues [Rosedale, 1929], discordant 
results were experienced in the van Slyke determinations if the tissues were 
hydrolysed for too short a time. Accordingly, we have made analyses of these 
tissues after different periods of hydrolysis. In the cases of the cockroach and 
the mosquito larvae this was not done, since, unfortunately, we had not 
sufficient material for more than a duplicate analysis. Our results confirmed 
the former work, that the time required for hydrolysis may vary according to 
the tissue. The results recorded in Table I are those secured after hydrolysing for 
the period which we found to be the most suitable, and the times are recorded. 
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Table I. Percentage of total N. 


Diamino-fraction Monoamino- 
Time of ; A a fraction 
hydro- Argi- Histi- oe 
lysis Amide- Humin- Total Amino- nine-  dine- Total Amino- 
(hrs.) N N N N N N N N N Total 


Crocodile kaa 60 6-9 1:3 28-8 12-8 13-8 . 6-5 61-7 54-1 98-7 
60 6-9 1-2 28-9 12-9 13-8 5 6-6 61-8 54-0 98-9 

Mean ... ee 6-9 1-25 28-85 12:85 13:8 ; 61:75 5405 988 
Cockroach pe 40 16-9 4-3 19-4 5 4:9 2-2 48-9 44-5 89-5 
40 16-8 5-3 19-6 “4 4-9 2:1 50-0 46-1 91-7 

Mean ... ‘ee 16-85 46 19-5 7-45 4-9 49-4 45-3 90-6 
Mosquito larvae 100 9-4 3-9 23-3 10-3 11-4 4-6 55-9 52-9 92-5 
100 9-4 3-9 23-4 10-2 11-5 4:5 56-5 53-1 93-2 

Mean ... eee 9-4 3-9 23°35 10:25 11-45 4-55 56-2 53-0 92-8 
Oysters ... ee 100 7:8 9-9 22- 3° 8-4 1-5 61-5 40-8 101-9 
100 7-9 9-9 22- }: 8-5 1:3 61-6 40-7 101-8 

Mean ... ae 78 9-9 , - 8-4 1-4 61-5 40-7 1018 
1:3 63-3 59-3 102-1 
1-1 63-2 59-0 101-7 
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Sponge-protein 100 10-5 3-1 25-2 , 11-6 
precipitated by 100 10-5 3-0 25- é 11-5 
(NH,),S0q 
Mean ... _ 10-5 3-0 


— 
to bo 
ee) 


1-2 63-1 59-2 101:9 


me 
to 
rs 


3 11-5 
Sponge-protein 100 20-0 1-5 . “4 7-4 12-5 1-4 56-8 49-9 99-7 
(residue) ove 100 19-8 1-4 21- 6 75 12-8 1-3 57-0 50-1 99-9 
Mean... —«. 199 1-4 5 74 126 13 569 500 998 
The figures obtained (Table I) show a general tendency towards an increase 
of histidine-nitrogen and a decrease of lysine-nitrogen in the lower animals. 
The corresponding averages from the former work on mammalian tissues 
[Rosedale, 1922, 1928] were about 2 % for histidine-nitrogen and 8 % for 
lysine-nitrogen. In the examination of fish tissues [Rosedale, 1929], which 
was carried out by means of the same experimental procedure as used in the 
present work, the average histidine value was 4-5 %. 
We intend to investigate these points further, using other methods when 
material is available. 
SUMMARY. 
1. Tissues of the crocodile, cockroach, mosquito larvae (A. ludlowt), 
oysters and sponge (monaxonid), have been analysed by van Slyke’s method. 
2. An increase in the amount of histidine-nitrogen and a decrease of 
lysine-nitrogen is found in the lower organisms. 


We desire to express our deep gratitude to Prof. K. B. Williamson for his 
kindness in undertaking the tedious task of collecting the mosquito larvae for 
us, to Mr W. Birtwhistle, Superintendent of Fisheries, and to Mr L. A. S. 
Jermyn for kindly supplying sponges and the crocodile. 
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A stupy of the value of different proteins in nutrition involves consideration 
of the individual amino-acids. Our general knowledge of these has been 
derived from the work of various investigators who have used different 
methods of procedure. 

In this part of the world, much of the protein in the diet is derived from 
vegetable sources. Such proteins are usually considered to have a low biological 
value, and in many native diets the consumption of protein is below the 
accepted physiological standards. The cost of protein foods is the limiting 
factor and is likely to remain so for a long time. The problem is, therefore, to 
use the more expensive foods for the purpose of supplementing the cheaper 
vegetable proteins in order to secure the necessary balance of the amino-acids. 
The chemical analysis of the amino-acids of protein is thus an important step 
in an investigation directed towards the improvement of oriental dietaries. 

The method of Kossel for the isolation of the basic amino-acids and their 
estimation by Van Slyke’s method have yielded data sufficiently concordant 
to justify a certain degree of confidence in the average values obtained for 
these amino-acids. The situation appears less fortunate when information con- 
cerning the composition of the remainder of the protein molecule is desired. 
Fischer’s ester method was recognised by him not to be quantitative, although 
we owe to it by far our greatest knowledge of the constitution of the proteins. 
Dakin [1918] described a method of separating some of the units by extraction 
with butyl alcohol, but, while this method offers much promise of success, it 
appears not to have been employed to any great extent. Kingston and Schryver 
[1924] detailed a comprehensive scheme using carbamates, but this method 
would seem to have been substituted in their laboratory by a fractional method 
of forming copper salts of amino-acids [Town, 1928]. On account of the very 
moist climate of this country, we consider that this latter method is unlikely 
to be successful in our laboratory and it appears to us that complete success 
cannot be assured by any one of these methods alone. In connection with our 
programme of feeding experiments we required to be able to separate the 
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monoamino-acids at least into groups, and for this purpose we have used those 
methods which seemed most likely to secure a satisfactory separation of the 
important groups. It is intended to investigate the isolation of the amino-acids 
of each group at a later time, but in view of the completeness of the separation 
into groups as regards the horse mackerel, it is considered that publication of 
the procedure would be of interest to workers in a similar field. 


EXPERIMENTAL. 


Seventy grams of dried horse mackerel were minced and extracted with 
0-1 % boiling acetic acid and the coagulated tissue squeezed dry in a cloth. 
This procedure was repeated twice. The tissue was then digested for 17 days 
by 1-5 g. of pepsin in 1 litre of 0-1 N HCl. The pepsin digest was filtered and 
the filtrate hydrolysed for 100 hours with 25 % HCl. The hydrolysate was 
twice evaporated to dryness in vacuo and made up to 2 litres. The total nitrogen 
was found by Kjeldahl’s method to be 4-35 g. The solution was adjusted to an 
acidity of 5 % with HCl and precipitated by 8-75 g. of phosphotungstic acid 
and allowed to stand for one week. The precipitate containing diamino-acids, 
ammonia and humin, was filtered off and washed as already described [Rose- 
dale, 1928]. The monoamino-fraction was concentrated to 500 cc. and its total 
nitrogen amounted to 2-7 g. Previous experiments with monoamino-fractions 
had shown that the dissolved phosphotungstic acid could be removed without 
loss of nitrogen if the washing of the barium phosphotungstate was sufficiently 
thorough. The excess phosphotungstic acid was precipitated at py 7-8, and 
allowed to stand for some days before being filtered off. After filtering, washing 
was carried out by boiling the precipitate several times in water, a process 
which was carried on for several days. During this time crystals of tyrosine 
appeared in the main solution. These were filtered off and the solution and the 
washings were exactly neutralised with H,SO, and the barium sulphate filtered 
off and well washed. The solution and washings were concentrated, and on 
standing a further yield of tyrosine was obtained. The amount of tyrosine 
thus obtained was 1-557 g., corresponding to 7-3 °% in the horse mackerel 
tissue. The main solution was treated with barium hydroxide and alcohol 
according to the directions of Kingston and Schryver [1924] for the formation 
of the barium dicarboxylates. Our preliminary experiments had indicated 
that after the above procedure no advantage was obtained by carrying this 
method beyond the separation of the barium dicarboxylates. We have in- 
variably sustained appreciable loss of nitrogen when using the further steps 
of that method. Since our solution was neutral, we failed to secure any barium 
aspartate by the mere addition of barium hydroxide, so that we proceeded at 
once to the addition of alcohol and freshly recrystallised baryta. In this way 
a precipitate of barium dicarboxylates was obtained. The precipitate was de- 
composed by H,SO, and the barium sulphate filtered off. The neutralised 
solution was concentrated and saturated with HCl gas to remove glutamic acid 
as hydrochloride. The final yield of glutamic acid hydrochloride obtained after 
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concentrating and repeating the saturation with HCl gas several times was 
11-2 g., which corresponds to 8-9 g. of glutamic acid or 13 % in the horse 
mackerel tissue. The filtrate from the glutamic acid hydrochloride was con- 
centrated in vacuo to a syrup, dissolved in water and treated with calcium 
hydroxide and filtered. The filtrate was concentrated and the calcium salts 
were precipitated with alcohol. This precipitate was then dissolved in water 
and the calcium removed as oxalate. The filtrate from the calcium oxalate was 
boiled with lead hydroxide to remove any aspartic acid as its lead salt. The 
lead precipitate was filtered off, decomposed by H,S and the copper aspartate 
prepared. The total nitrogen of this compound was 0-178 g., which corresponds 
to 1-69 g. of aspartic acid. An attempt was made to prepare hydroxyglutamic 
acid as its silver salt according to the procedure of Dakin [1918], but no 
hydroxyglutamic acid was obtained. 

The filtrate from the barium dicarboxylates was treated with H,SO, to 
remove the excess of barium, neutralised, and concentrated. This concentration 
was carried out in a porcelain basin, and during the process crystals of leucine 
were obtained in such quantities that it was decided to remove them and to 
prepare, in this way, as much leucine as possible. A good deal of impure material 
was procured in this process which occupied 33 days. After purification, 3-4 g. 
of pure leucine were obtained, which corresponds to 4-8 % of the tissue. Though 
it is unlikely that a complete yield may be obtained in this way, we consider 
that the removal of as much material as possible at this stage is advantageous 
since the time required for the subsequent extraction by butyl alcohol is 
thereby reduced, a point to which we attach some importance. 

The solution after removal of the leucine was diluted to 250 cc. and ex- 
tracted for 98 hours am vacuo in a continuous extractor with n-butyl alcohol 
according to the directions of Dakin [1918]. The amount of pure proline ob- 
tained directly was 0-57 g. but we encountered the difficulty met with by Dakin 
[1920] that some of the proline is secured in peptide form. The peptide was 
hydrolysed and the process of extraction repeated once or twice giving a final 
yield of 4-67 g. of proline. The material which was not extracted by the butyl 
alcohol contained 0-25 g. nitrogen and a yield of 4-37 g. of extracted amino- 
acids gave 0-227 g. nitrogen. 





Results. 
Amino-acid Total nitrogen 
g- g- 
Tyrosine ete 1-557 0-1204 
Glutamic acid ... 8-9 0-850 
Aspartic acid ... 1-69 0-178 
ucine ... 3-4 0-41 
Proline ... ao ae ae 4-67 0-57 
Extracted by butyl alcohol ... 4:37 0-227 
Not extracted by butyl alcohol _— 0-25 
2-6054 g 


Since the total nitrogen accounted for in this monoamino-fraction is 


2:6054 g., we have encountered a loss of 3-5 % of the nitrogen (2-7 g.). In the 
82—2 
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examination of the horse mackerel by Van Slyke’s method [Rosedale, 1929], 
99 % of the nitrogen was accounted for. We believe that the loss is sustained 
mainly in the hydrolysis of the peptides resulting from the extraction by 
butyl alcohol. Formation of ammonia and humin may take place at this stage, 
and further investigation of the matter will be carried out. Our experiences 
with caseinogen and with gelatin have been less fortunate. The extraction of 
the caseinogen took a considerably longer time and a greater amount of peptide 
substances resulted. We have carried out the procedure twice with gelatin. 
On the second occasion we esterified the solution after removal of the glutamic 
acid hydrochloride, with the object of removing glycine as ester. Barely 1-5 g. 
of material were procured in this way, corresponding to 10 % glycine in gelatin, 
a figure well below that obtained by various investigators. Nevertheless, the 
difficulties referred to, which were apparently also experienced by Dakin 
[1920], were to some extent lessened, and we consider that the elimination of 
various amino-acids as described in our process—although tedious—is advan- 
tageous. It is intended to investigate the separation of the remainder of the 
extracted amino-acids as soon as larger quantities are available. 


SUMMARY. 


1. The monoamino-acids of the horse mackerel (Caranz rottleri) have been 


extracted by butyl alcohol. 
2. It is considered that greater ease in this extraction is secured if certain 


amino-acids are first removed from the solution, and a process involving but 
slight loss of nitrogen is described. 
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RECENT progress in the study of gaseous exchange in tissues has led to many 
important discoveries, most of which have been derived from experiments 
upon isolated tissues. The data have been mainly concerned with the total 
value of respiration and, under aerobic and anaerobic conditions, the measure- 
ment of glycolysis. The relationship between these two processes forms one 
of the main problems of tissue metabolism, and is of very wide application. 
Respiration has a definite effect on glycolysis (or fermentation) in almost 


all cases, from that of the yeast cell to the tissues of the higher animals. The 
relationship is not only qualitative, but the respiration of a definite amount of 
oxygen can only prevent the appearance of a related quantity of lactic acid. 
Meyerhof [1926, 1921] expresses the relationship in the form of the cyclical 


process: 


anaerobic 
carbohydrate lactic acid 


aerobic 


In muscle, the quantitative aspect of this relationship has been worked out 
with considerable exactness. In other tissues the existence of some similar 
connection has been shown by the measurements of Warburg and of Meyerhof, 
and it is probable that a similar cycle, involving the resynthesis of lactic acid 
to carbohydrate occurs in tissues other than muscle. The original view of the 
workers on muscle, that the whole cycle is concerned with carbohydrate has 
not yet been definitely proved or disproved [Meyerhof and Himwich, 1924]. 
In the case of other tissues there is a great need for more evidence on the 
nature of the cycle, the extent to which it concerns carbohydrate and how far 

1 This paper was communicated to the meeting of the Biochemical Society on June 14th, 1930, 


and was abstracted in Chemistry and Industry, June 20th, 1930. A short account of some of the 
main points was published in the Lancet, 1930, ii, 10. 
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the energy required for resynthesis may be provided by the oxidation of other 
foodstufis. 

If the facts relating to this point are examined, the difficulty is encountered 
that evidence is largely lacking as to the relative amounts of the various food- 
stufis which are consumed by individual body tissues. The direct chemical 
determination is usually a matter of great difficulty, and measurement of the 
respiratory quotient is the only practicable method of attacking this question. 

When the metabolism of the tumour cell is considered, special difficulties 
arise, many of which are connected with the above facts. In tumours, just as 
in normal tissues, the respiration of a definite quantity of oxygen can prevent 
the appearance of only a certain amount of lactic acid. According to Warburg 
[1926, p. 139] the Meyerhof quotient, anaerobic glycolysis minus aerobic 
glycolysis/respiration, has the value 1-2 in carcinoma tissue, lactic acid 
bacteria, embryonic tissue and a number of other glycolysing tissues. This 
means that 1 mol. of breathed oxygen causes the disappearance of 1-2 mols. 
of lactic acid, and therefore in this sense the respiration of the cancer cell is as 
effective as that of muscle in preventing the appearance of aerobic glycolysis. 
Since tumour tissues does, in fact, produce much lactic acid aerobically, War- 
burg’s conclusion was that the extent of respiration in tumours is too small to 
prevent aerobic glycolysis. This view, although apparently adequate in the 
earlier examples studied (e.g. Flexner Jobling rat carcinoma) is no longer 
tenable. Warburg [1929] now distinguishes another type of damage to respira- 
tion, in which the efficiency is impaired in some way, so that although the 
respiration may be large it is unable to prevent the appearance of lactic acid. 
The analogy is emphasised beteen the latter state and the poisoning of tissues, 
e.g. by ethyl isocyanide, in which condition the extent of the respiration is 
stated to be unaffected but the aerobic glycolysis is the same as in nitrogen 
[Warburg, 1926]. Ethyl zsocyanide is therefore said to be a specific inhibitor 
of the Pasteur reaction, 7.e. of the relationship between respiration and fer- 
mentation, using the latter term to include glycolysis. It is assumed that 
similar interference with this relationship occurs in tumours, and there are on 
this theory two abnormalities in the respiration of tumours: (a) damage 
limiting the extent of respiration (i.e. partial asphyxiation), and (b) damage 
to the Pasteur reaction, so that although the respiration is large the glycolysis 
persists. 

In the present paper evidence is brought forward which reduces the com- 
plexity of the above assumptions, and indicates more clearly the actual nature 
of the damage to respiration in tumours. These facts have been gained from a 
study of the Rr.g. of a series of normal organs, embryonic tissues and tumours. 

There are other problems where the study of the r.Q. of animal tissues is of 
great value. For example, the action of fluoride in inhibiting anaerobic 
glycolysis [Dickens and Simer, 1929] suggested that this substance might have 
some similar action on the oxidative catabolism of carbohydrate. In cases 
such as this, measurement of the total respiration without measurement of 
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the R.Q. is of little use. Moreover the measurement of R.Q. provides one of 
the most valuable methods of studying the intermediary stages in oxidation. 
This is the only satisfactory method of approach to the actual point of the 
damage in tumour respiration, and one that had hitherto been largely neg- 
lected mainly owing to the lack of suitable experimental methods. The method 
already described [Dickens and Simer, 1930] is applied to some aspects of 
these problems in the present paper. 

Metabolism of normal tissues. The special difficulties connected with the 
metabolism of tumours cannot be solved without first making similar observa- 
tions on a series of normal tissues, since only in this way can any differences 
between the two be revealed. The observations on tumours and normal tissues 
form the subject of the present paper. In addition, it is necessary to investigate 
types of pathological growth other than tumours, in order to see how far the 
abnormalities found are restricted to tumour tissue, or if they are associated 
with other types of pathological growth. This will form the subject of a further 
part of this series. 

No systematic attempt appears to have been made to measure the R.Q. of 
a representative series of normal tissues. The valuable recent observations of 
Richardson, Shorr and Loebel [1930] have been mainly from the special point 
of view of the problem of carbohydrate metabolism in diabetes. Other reliable 
measurements on tissue other than muscle and nerve are relatively few, and 
are quoted under the tissues concerned in the discussion of the experimental 
results. In this paper the values for muscle and nerve have not been considered, 
and no measurements have been made on these tissues, since in them the 
metabolism is very intimately connected with the special functions and their 
resting metabolism is of little value if considered apart from the working 
metabolism. 

EXPERIMENTAL. 

The method used for the determination of the r.Q. has been fully described 
in Part I [Dickens and Simer, 1930]. The tissue is cut into thin slices and 
suspended in Ringer solution, to which have been added a suitable amount of 
phosphate buffer at p,, 7-4, and sufficient glucose to make the concentration 
of the latter 0-2 %. The measurement is made in special vessels filled with 
pure oxygen and attached to Barcroft manometers, from readings of which 
both the oxygen consumed and the carbon dioxide evolved are calculated. 

Regularity of respiration in the phosphate-Ringer solution. The oxygen con- 
sumption in unit time is as constant in the above medium as in the bicarbonate- 
Ringer or serum customarily used, if glucose or some substitute for glucose is 
present in the medium [Loebel, 1925]. In the absence of glucose it is necessary 
to take into account the increased nitrogenous catabolism, which may usually 
be neglected in the presence of glucose. Nearly all our measurements have 
been made in a solution containing glucose. There is also a quantitative 
agreement in the different media, as may be seen from the examples in Table I. 
In this table all the figures for the extent of respiration in phosphate are the 
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mean of all our experiments, most of which extended over a period of 2-3 hours 
or more. The figures are not, therefore, maximal values; nevertheless the 
agreement is satisfactory, showing that the respiration remains nearly constant 


for some hours. 


Table I. 


Respiration in 
phosphate-Ringer Respiration in 
(mm.? O, permg. _ bicarbonate-Ringer 
tissue per hour) (Warburg, 1927] 
Tissue* Qo, Oo 
Kidney ; ioe 19-9 21 
Intestinal mucosa ... 9-4 12 
Testis... aos a 9-8 12 
Brain cortex... — 12-4 ll 
Spleen ai mee 9-9 12 
Jensen sarcoma he 10-6 9 
Rous chicken sarcoma 4-2 5 


* Of rat unless stated. 


Table IT. 

Speci- Speci- 

Tissue men no. R.Q. Tissue men no. R.Q. 
Liver 5 {al Chicken embryo 1 ioe 
; (0-99 
Retina (1-00 
(0-83 
Jensen sarcoma 40-85 
(0-82 
0-93 
S g —_ Rous chicken (0-92 
Spleen + 0-90 aa 10-90 

(0-90 sarcoma 

. 0-91 

-C 
Brain {1-00 Spontaneous { re 
cortex (1-01 mouse tumour (0-91 


{0-86 


ae - {0-84 
Kidney f 10-86 


In Table II the figures bracketed under any particular specimen number, 
were all obtained in the same experiment on slices from the same piece of 
tissue, except in the case of the embryo and retina, where the material from 
a single specimen was insufficient. The agreement in the values of R.Q. in the 
last column of this table is sufficient confirmation that the accuracy is in 
agreement with that to be expected from the considerations given in Part I. 
Even in the case of the embryo, where owing to the large amount of preformed 
CO, (about 70 mm.? in the particular example quoted) the correction is much 
larger than usual, the agreement has been satisfactory in all experiments. 

Only in a few of the earlier experiments where the volumes of gas measured 
were insufficient, was the error slightly in excess of the above limit. 

The respiratory quotient of normal tissues. The experimental animals used 
for the determination of the r.g. of normal tissues were rats in a normal state 
of nutrition unless otherwise stated, and were mainly derived from the Glaxo 
stock. Their age varied from a few months to about a year. In the following 
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description of the results, the tissues are classified into three groups, according 
to the value of R.Q. observed in each case. 


A. Tissues with a low value of R.a. 


(a) Kidney. Thin slices were cut through the whole organ and included 
both medulla and cortex. The results of nine experiments are collected in 
Table III, in which the volumes of oxygen consumed and carbon dioxide 
formed in the stated time are given. As with all the figures given in this paper, 
the weights of the tissue are those obtained after drying to constant weight 
at 110°. These results are typical of those obtained in all experiments. 


Table IIT. Rat kidney. 


38°. In Ringer solution with 0-2 % glucose and 9-9 m.-mols. phosphate per litre. 
Respiration 
Dried weight 0, co, Qo, 
of tissue Time consumed produced (whole exp.) 
mg. i mm.® mm. R.Q. mm.?/mg. hr. 
6-23 215 164 0-76 17-3 
6-40 238 185 0-78 18-6 
4-99 215 194 0-90 21-8 
6-83 322 297 0-92 23-5 
3°54 132 109 0-83 18-7 
15-88 394 331 0-84 19-8 
14-69 405 360 0-89 19-6 
12-15 404 349 0-86 19-0 
18-73 384 353 0-92 20-5 


Mean 0-85 19-9 


ee 
5 


et et ee DOD DO HO DO bO 





From Table III it will be seen that the average value of the R.Q. is a little 
higher than in the case of liver (Table IV), although both are much below the 
carbohydrate level. 


Table IV. Normal tissues. 


38°. In phosphate-Ringer solution at py 7-4 with 0-2 % glucose. 
Concentra- 
tion of 

No. of phosphate 
experi- m.-mols. Highest Lowest Mean 
ments _ per litre R.Q. R.Q. R.Q. 

A. Low R.Q. 

(a) Rat kidney ... soe see 9 9-9 0-92 0-76 0-85 
(6) Ratliver... ses 14 9-9 0-87 0-69 0-79 
(c) Rat intestinal mucosa eae 2 9-9 0-85 0-84 0-85 


. Intermediate B.Q. 
(a) Rat submaxillary ... “es 9-9 0-92 0-83 0-87 
(6) Rat spleen ... si ae 9-9 0-91 0-87 0-89 
(c) Rattestis ... 0 9... 00 se 5 9-9 1-00 0-90 0-94 


. Carbohydrate B.Q. 
(a) Rat brain cortex 
(b) “oe 
. Rat: wt. 10 mg. . 

ii. Rat: wt. 30 mg. ... 

iii. Chicken a V: at 41° ) 
(c) Rat chorion .. és ae 
(d) Rat retina 


1-01 0-96 0-99 


o 
© 
© 


1-05 1-04) ; 
1-07 1-01f hen 
1-01 0-99 1-00 
a —— 1-02 


0-99 1-00 1-00 


— a 
b> bobo bo 


w 
Ce onmm 


© 


bo = po bo bo 
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(6) Liver. The results are summarised in Table IV. In this Table only the 
highest, lowest and mean values of the R.Q. are included, in order to economise 
space. The individual figures varied very similarly to those given in Table IIT 
for kidney. No special precautions were taken in the experiments to select all 
the slices from the same lobe of the liver, and the period since the animals 
were last fed was also variable, but in no case exceeded 24 hours. The variations 
in the results far exceed the error of the method, and will be discussed later. 

(c) Intestinal mucosa. The mucous membrane was scraped with a blunt 
instrument from the muscular coat of the washed ileum of the rat. One 
specimen only was examined. (R.Q. = 0-85: see Table IV.) 


B. Tissues with intermediate value of r.a. 


(a) Submazillary. The rat submaxillary is well suited for these experiments 
and measurements of its anaerobic glycolysis (Qs; = 7, in nitrogen and bi- 
carbonate-Ringer solution) were made since no figure was available for this 
tissue in the rat. In Table IV the measurements of R.Q. are summarised. The 
mean value of Qo, found in the five experiments was 11-9, and of R.Q. 0-87. 

(b) Spleen (see Table IV). This tissue gave very regular values of R.Q. in 
all experiments, the mean value being 0-89, and the mean of Qo, in the same 
series = 9-9. ; 

(c) Testis. In the case of rat testis, the tubules are sufficiently thin to 
make the further cutting up of the material after dissecting unnecessary. 
The results of the measurements are given in Table IV. 


C. Tissues with a carbohydrate quotient. 


(a) Brain cortex. The grey matter of the rat’s brain was carefully freed 
from the white substance. Thin slices were then cut with the razor as usual. 
From Table IV it is evident that the respiratory quotient is, within the limits 
of error, equal to unity. 

(6) Embryo. (i) Rat embryo. Two sets of experiments were made with 
embryo at different periods of development. In the first the embryo weight 
was about 10 mg. (dried at 110°) and in the second about 30 mg. The embryos 
were not cut up in any way, but were merely freed from their foetal membranes 
and used intact. Owing to the thickness of the tissue the diffusion is necessarily 
poor and the respiration somewhat low. For the same reason, the amount of 
preformed CO, was large. Consequently, the values of R.Q. are less accurate in 
this case than in the other tissues studied, but the agreement is fairly satis- 
factory and indicates a carbohydrate quotient (Table IV). 

(ui) Chicken embryo. The embryos were carefully removed from the eggs on 
the 5th day of incubation, and were thoroughly rinsed in oxygenated phos- 
phate-Ringer before use. The suitability of the phosphate-Ringer as a medium 
is well shown by the fact that the respiration continued with only a slight 
diminution in the case of this delicate tissue for the whole of the experimental 
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period of 3} hours. (See Table V. Details of the method of calculation are 
given in Part I.) 
Table V. Chicken embryo. 


41°, 5th day of incubation. Ringer solution with 0-2 % glucose and 18-2 m.-mols. 
phosphate per litre. 








Vessel no. II Tit IV V I VI 
c A. a, 
Each vessel contains solutions Solutions 
and 1 embryo only 
Determination of preformed CO,: 

pressure on acidification (mm.) ... — +39 -— +35 +85 +49 
Measurement of respiration: pres- 

sure changes per 30 min. (mm.) ... - 36 — - 39 — — — 

— 34 -- — 37 -- ~ - 
— 33-5 _ — 38-5 -- — — 
— 32-5 — — 37 — -- 
— 32 — — 36-5 — — — 
~ 30-5 —— — ae 3 
— 29 -- — 35-5 —- -- : 
Total pressure change in 3} hr. (mm.) — 227-5 _ — 258 — — 
Pressure due to total CO, liberated 

at end of experiment “eo : + 256-5 _ + 286-5 — _— = 
Embryo wt. (dried at 110°, ad: cae 11-49 10-61 13-98 9-57 — fa 
Vessel constants ko, ee ion 1-68 — 1-51 — —_ i 
Vessel constants ko, a fo 1-81 1-87 1-64 1-80 1-65 1-74 
Respiration O, (mm.*) ‘ — 382 —_— 388 -- _— = 
Total CO, liberated (mm. 3) 464 73 469 63 14-1 15-6 

Mean 15 
Correction (preformed and solutions) 

(mm.*) aes ace a ses 78 —_ 85 —_ — ae 
Respiration CO, (mm.*) _... ae 386 — 384 — — = 
Qo, (oxygen per mg. tissue per hr.) 9-5 _— 7-9 — — a 
Respiratory quotient oes eee 1-01 — 0-99 — a —¥ 


(c) Chorion. The case of chorion is of special interest since the properties of 
growth and invasion possessed by the chorion have frequently been compared 
with the similar properties of tumours. Chorion has the highest anaerobic 
glycolysis of any normal body tissue, except retina [Negelein, 1925]. The 
material was the outer membrane of the amniotic sac of rat-embryos of about 
30 mg. dry-weight. The result of an experiment is i in Table IV, and the 
figures obtained (8-04 mg. dry weight chorion, in 2 hours consumed 214 mm.* 
O, and produced 219 min * CO,; 8.Q. = 1-02) show that the quotient is a 
carbohydrate one. 

(d) Retina. The preparation of the material was carried out as described 
by Warburg [1926] in the dimmest possible light, and in warmed phosphate- 


Table VI. Retina of rat. 
8°. In Ringer solution with 0-2 % glucose and 9-9 m.-mols. phosphate per litre. 


Dried weight 


of tissue Time O, consumed CO, produced 
mg. hr. min. mm.° mm.° R.Q. 
2-68 5 60 182 180 0-99 


2-69 5 0 159 159 
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Ringer solution. Also the vessels, each of which contained the retinas from two 
rats, were protected from direct light throughout. During this necessarily 
prolonged experiment, the respiration diminished considerably, but the result 
was nevertheless quite definite, and showed that the retina has a carbohydrate 
quotient (Table VI). 


Respiratory quotient of tumour tissue. 


The animal material used consisted of two types of rat tumour, Rous 
chicken sarcoma, and a number of mouse tumours. The specimens were ob- 
tained from the Barnato-Joel Laboratories and Bland-Sutton Institute of 
Physiology, Middlesex Hospital, and the Imperial Cancer Research Fund 
Laboratories respectively. Two suitable specimens of spontaneous mouse 
tumour were obtained from the breeders. For suitable human material we are 
indebted to the surgeons of the Middlesex Hospital. 

Jensen rat sarcoma. Effect of phosphate concentration. The measurements 
were made in two different concentrations of phosphate buffer at py 7-4, and 
the results are collected in Table VII. 


Table VII. Jensen rat sarcoma. 


/ 


38°. In Ringer solution with 0-2 % glucose. 








Respiration 

Dried weight O, co, Qo, 

of tissue Time consumed produced (whole exp.) 

mg. hr. min. mm.* mm.* R.Q. mm.*/mg. hr. 

9-9 m.-mols. phosphate per litre: 
19-69 1 15 269 216 0-80 10-9 
18-20 1 30 303 269 0-89 11-1 
26-54 1 30 384 336 0-88 9-7 
13-84 2 0 326 272 0-84 11-8 
17-58 2 0 373 304 0-82 10-6 
17-65 2 0 380 319 0-84 10-8 
4-69 5 0 294 244 0-83 2-5 
5-62 5 0 340 290 0-85 12-1 
4-70 5 0 274 224 0-82 11-7 
Mean 0-84 11-2 
31-2 m.-mols. phosphate per litre: 

21-68 1 30 369 300 0-81 11-3 
14-53 2 0 328 267 0-82 11-1 
29-14 1 30 375 317 0-85 8-6 
18-67 2 16 414 358 0-87 9-9 
25-78 1 45 461 360 0-78 10-2 
24-94 2 0 526 418 0-80 10-5 
29-94 1 30 422 328 0-78 9-4 
17-79 1 45 310 235 0-76 10-0 
Mean 0-81 10-1 


The mean values obtained in the two series of experiments do not differ 
appreciably, so that the influence on the values of R.Q. and Qo, of varying 
the phosphate concentration, and consequently the buffering power, between 
these limits can be neglected. The actual value of R.Q. is comparable with that 
found for feebly glycolysing normal tissues. 










































Variation of pj, and glucose concentration, using 
tissues which glycolyse aerobically. 

It was at first considered possible that the low R.Q. of tumour tissue might 
be due to an extreme sensitiveness of carbohydrate oxidation to slight 
changes in the reaction of the medium, such as occur with tissues showing a 
high aerobic glycolysis. Two sets of observations already recorded made this 
assumption unlikely: (a) the above experiments with weak and strong solu- 
tions of phosphate, in which nearly identical values of R.g. and respiration 
were obtained, and (b) the carbohydrate quotient obtained with retina, a 
normal tissue with high aerobic glycolysis. Further evidence on this important 
point was obtained by the measurement in an acid medium of the R.Qg. and 
respiration of rat brain-cortex which has a purely carbohydrate metabolism 
under the usual conditions of our experiments, 7.e. in glucose and phosphate 


at py 7-4. 


Accordingly, a CO,-free isotonic phosphate buffer at py 6-6 was prepared 
and was used instead of the usual buffer in preparing the phosphate-Ringer 
solution. This py, is considerably lower than that found even in extreme cases 
of glycolysing tissues, as is shown in the next section. The other conditions 
were identical with the experiments on brain recorded in Table IV. The 
respiration of brain tissue continued in this acid solution for 3 hours with 
only very slight falling off in the readings, and the values of the R.Q. and the 
Qo, were, within the limits of error, identical with those previously determined 


at py 7-4. 


Condition of the medium in tumour experiments. The principal changes to be 
expected with glycolysing tissues are a lowering of the glucose content to an 
extent much greater than that due to respiration alone, and a change in the 
reaction of the medium towards the acid side, due to the large quantities of 
lactic acid formed from glucose. Jensen sarcoma was selected as an example 
of a tissue with a high aerobic glycolysis and a fairly low respiration. The 
conditions of the experiments were exactly as in the measurement of R.Q. 
(Table VIII). As an extreme case, the whole range of the manometer capillary 


Table VIII. Jensen rat sarcoma. Aerobic glycolysis in phosphate-Ringer. 


38°. In Ringer solution with 0-2 % glucose and 31-2 m.-mols. total phosphate. 


Volume of phosphate-Ringer 
Duration of experiment 

O, consumed. aon 

Dried weight of tissu 
Pp—initial ues 
Pp—final ... re 


Concentration of phosphate (m.-mols. per litre): 
Na,HPO,—initial 25-4 


NaH,PO,—initial 


Hence concentration of lactate formed = 25-4 — 15-6=ca. 10 m.-mols. per litre. 


or (aerobic glycolysis in phosphate; py 7-4 to 6-8)=9 approx. 


2 
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ca. 15-6 
ca. 15-6 


(measured at the same time in bicarbonate-Ringer, py 7-4) =14. 


* Since final py, in this experiment, is nearly equal to px for phosphoric acid. 





2 ce. 

2 hr. 10 min. 
475 mm.® 
23-91 mg. 
7-41 

6-79 
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was used in this experiment, and a small additional correction was applied 
for the respiration during the period of temperature equalisation preceding the 
first reading. 

From this it is evident that glycolysis occurs quite regularly in the phos- 
phate medium, and that even in this extreme case the buffering is sufficient to 
keep the reaction considerably nearer neutrality than in the experiment with 
rat brain at pj, 6-6 quoted above. It may also be calculated from this experi- 
ment that the average glucose concentration during the whole experiment is 
about 0-15 %, there is thus no lack of glucose in the medium in any of the 


experiments recorded. 
Table IX. Tumour tissue. 


38°. In phosphate-Ringer solution at py 7-4 with 0-2 % glucose. 


Concentra- 
tion of 
No. of phosphate 
experi- m.-mols. Highest Lowest Mean 


ments _ per litre R.Q. R.Q. R.Q. 


Animal tumours: 
sions 9-9 0-89 0-80 0-84 


Jensen rat sarcoma ... 
Jensen rat sarcoma ... 31-2 0-87 0-76 0-81 
0-97 0-93 0-94 


Slow-growing rat sarcoma ant 25 
Rous chicken sarcoma = 0-93 0-90 0-92 
Rous chicken sarcoma at 41° 0-95 0-94 0-95 


Transplanted mouse tumours : 


Spindle-celled tar tumour 173 25 0-91 0-90 0-91 
Tar carcinoma 2146 ... ro 5 0-89 0-85 0-87 
Crocker sarcoma ies on § 0-90 0-87 0-89 
Sarcoma 378 ns sch rE 0-89 0-82 0-86 


Spontaneous mouse tumours : 
Carcinoma I ... 


on 0-91 0-91 
Mammary carcinoma II 7s 


Human tumours: 
Papillary bladder carcinoma 2! 0-78 
Carcinoma of breast ... 0-81 


Slow-growing rat sarcoma. 


Although the quotient for this tumour (Table IX) is higher than in the 
case of Jensen sarcoma it is still quite definitely below the carbohydrate level. 
The value for anaerobic glycolysis obtained by the bicarbonate method was 


Qo, = 18. 
Rous chicken sarcoma. The results are given in Table IX. The variability 
in respiration observed was similar to that shown in the measurements of 
Crabtree [1928]. The value of R.Q., however, is fairly constant, the extreme 
measurements being from 0-90 to 0-95. 

Mouse tumours. The group of mouse tumours provides examples of many 
exceptions to attempts to classify animal tissues according to their meta- 
bolism [Murphy and Hawkins, 1925; Crabtree, 1928; Warburg, 1927, 1929]. 
The specimens of transplanted mouse tumour used were supplied to us through 
the courtesy of Prof. J. A. Murray, F.R.S., and the metabolism of these 
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particular strains has been carefully studied by Crabtree [1929]. The results 
obtained in the measurement of R.Q. are given in Table IX. The results of 
simultaneous measurements of their metabolism in bicarbonate-Ringer 
solution [Warburg, 1926] are given below (Table X). 


Table X. 
Aerobic Anaerobic 
Respiration glycolysis glycolysis 
O2 Ne 


ew 
on OD 


Spindle-celled tar tumour 173 
Tar carcinoma 2146 .. 

Crocker sarcoma 

Sarcoma 378 . - 

Spontaneous mouse carcinoma al 
Spontaneous mouse carcinoma II ... 
Papillary bladder carcinoma, 8.S. 365 
Carcinoma of breast, 8.S. 371 


_ 
is tm 


IdKwan 


Spontaneous mouse tumours. Two specimens were examined. The first was 
a columnar-celled carcinoma of high cellularity. The second was a mammary 
carcinoma with about 50 % connective tissue. The measurements of R.Q. are 
recorded in Table IX, and of the metabolism in bicarbonate-Ringer in 
Table X. 

The values of r.Q. found for the mouse tumours are in no way different 
from those obtained with the transplanted rat tumours. 


Human tumours. 


Up to the present only two suitable cases of human tumours have been 
studied. The first was a papillary carcinoma of the bladder, Bland-Sutton 
report No. SS. 365/1930. Histologically this was a non-keratinising, squamous- 
celled carcinoma, invading muscle. The mixed nature of the tissue was 
shown not only by the variation in the value of respiration with different 
pieces, but also by the variation in the figures for r.g. The second case 
(No. SS. 371/1930) was a spheroidal-celled carcinoma in a fibrous stroma. 
The values for respiration observed in bicarbonate-Ringer solution (Table X) 
agree with the mean values of the experiments in phosphate-Ringer (Qo, = 1-5 
and 2-5 respectively). The values observed for aerobic and anaerobic glycolysis 
are also given in Table X. Both tissues had a low respiration and contained 
much connective tissue. In spite of the prolonged experiment and large pieces 
necessary in these two cases, the results are in agreement with the other 
tumours examined in showing a quotient distinctly below unity. 

Human tuberculous lymphatic gland. One specimen of tuberculous lym- 
phatic gland was examined (Table XI). For this very suitable material and 
for the following report, we are indebted to Mr David Patey, F.R.C.S. 

Macroscopical appearance. The swelling was smooth and rounded, and 
approximately 3 cm. in diameter. On section, it presented a uniform appear- 
ance without obvious necrosis. 
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Table XI. Human tuberculous lymphatic gland. 


Metabolism in 
bicarbonate-Ringer 


Dried wt. Time 0, con- CO, pro- Respira- Aerobic Anaerobic 


of tissue _, sumed duced tion orn ay 
mg. hr. min. mm. mm.* R.Q. Qo, Qo, CO. Qc. 
38-6 1 45 396 365 0-92 5:8 5-5 8-2 14-2 
33-1 2 0 391 354 0-91 5-9 
30-8 2 0 371 336 0-91 6-0 
40-5 1 30 426 387 0-91 7-0 


Mean 0-91 6-2 


Microscopical appearance. This showed the typical appearance of a tuber- 
culous lymphatic gland (Plate V, Figs. 1 and 2). On alymphoid stroma were 
large areas of endothelial cell proliferation, occasional giant cell formation and 
small areas of caseation. 


Effect of lactate and pyruvate. 


From the point of view of intermediary metabolism the effect of lactate 
and pyruvate on the R.Q. is of special interest. Characteristic tissues from the 
above three groups were chosen. These were (1) liver, (2) testis, and (3) tumour 
tissue. The solutions used were the usual phosphate-Ringer with or without 
0-2 % glucose, and the same solution with the glucose replaced by sodium 
lactate or sodium pyruvate respectively, in amount sufficient to make the 
final concentration of these substances M/45. The results of the measure- 


ments are reproduced in Table XII. 


Table XII. 





R.Q. Qo, 
mm = > 
Exp. Glucose Lactate Pyruvate Glucose Lactate Pyruvate 
Tissue no 02% M/45 M/45 02% M/45 M/45 
Liver... a ae oe 0-83 0-88 — 6-4 8-1 _- 
0-81 0-87 _- 6-6 8-9 _ 
2 0-76 0-84 1-20 7-6 9-0 7-5 
No addition No addition 
Testis ... bee ne — 0-91 0-76 _- 6-4 4-4 
= 0-89 0-75 — 6-5 4:8 
2 0-94 _— — 9-8 _- - 
(Figures in glucose are mean value of previous experiments in case of testis.) 
Pyruvate Pyruvate 
Jensen rat sarcoma ... 1 0-87 0-85 1-05 9-9 12-2 11-8 
Rous chicken sarcoma... 1 0-94 — 1-17 6-3 -—- 7-2 
0-95 ii ~ 5-9 an a 


More reliance can be placed on the values of R.Q. than on the actual extent 
of respiration in these experiments. The changes in the value of R.Q. are quite 
definite, whereas a series of experiments would be necessary to obtain quanti- 
tative evidence of the effect on the respiration. From the figures in this table 
it will be seen that in both experiments with liver there is a definitely higher 








































BIOCHEMICAL JOURNAL, VOL. XXIV, NO. 5 PLATE V 












Fig. 1. Low power view of tuberculous gland showing large areas of endothelial 
cell proliferation in a lymphoid stroma. x 75. 
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Fig. 2. High power view of an area of proliferated endothelial cells. x 390. 
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R.Q. in lactate than in glucose, in addition to the increased extent of respira- 
tion. The latter has been previously described by Meyerhof and Lohmann 
[1926]. From the figures for testis a similar utilisation of lactate is observed. 
The value in lactate is similar to the average figure obtained in glucose, whilst 
a much lower value of respiration and of R.Q. is obtained in the absence of 
either glucose or lactate. Turning to the case of the tumour tissue, on the 
other hand, in the example of the Jensen sarcoma there is no effect on the 
R.Q: if lactate is added to the medium instead of glucose. There is thus an 
important distinction between the effect of lactate on the respiration of normal 
and tumour tissue. The significance of these results will be considered later. 

The effect of pyruvate is even more striking. The value of R.q. in all the 
above tissues, normal or tumour, was much increased by addition of pyruvate. 
The values obtained with liver even reached the theoretical value for complete 
oxidation of pyruvic acid (R.g. = 1-20); it should however be noted that 
Meyerhof, Lohmann and Meier [1925] calculate for oxidative resynthesis of 
pyruvate to carbohydrate the probable value r.g. = 2. Large increases in the 
value of R.Q. were also observed in the above experiments with Jensen sarcoma 
and Rous sarcoma. 

Effect of fluoride. The action of fluoride in inhibiting anaerobic glycolysis 
has formed the subject of an earlier paper [Dickens and Simer, 1929] where it 
was shown that the action was quantitatively reproducible and that the effect 
of different concentrations followed the law of mass action. Since fluoride has 
little effect on the formation of lactic acid from methylglyoxal [Meyerhof, 
1925], it follows that the point of attack of fluoride must be at an earlier stage 
in the intermediary metabolism of carbohydrate. It is therefore of importance 
to determine whether the oxidative catabolism of carbohydrate is affected by 
addition of fluoride. 

Two types of tissue were studied, (1) kidney, and (2) testis. These measure- 
ments (Table XIII) have to be made in Ca-free phosphate-Ringer solution, to 
avoid difficulties due to the precipitation of CaF. 


Table XIII. Effect of NaF on rat kidney and testis. 
In Ringer solution without Ca, and 9-9 m.-mols. phosphate in all. 
Concentration of fluoride: 20 m.-mols. 


R.Q. Qo, 
‘02 


co a 
Specimen Without | With Without With 
no. NaF NaF NaF 
1 0-91 = 13-1 
2 0-83 a 16-7 


lil ¢é 


Kidney 0-2 % 0-85 — 13-8 
glucose ee 0-83 = 
= 0-83 es 
0-86 0-71 15-8 
Testis 0-2 % — 0-87 —_ 
glucose _— 0-81 — 


ao 0-91 — 
M/45 lactate 0-89 ais 


_ 
et 
om oO 


RP Co 
Como 


Biochem. 1930 xxIv 
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From the above figures it will be seen that the effect of fluoride on kidney 
on the whole tends to lower the value of r.Q. and hence probably has at least 
a slight inhibitory effect on carbohydrate oxidation as well as on glycolysis. 
In this tissue, however, the effect is not particularly striking, probably because 
the effect of fluoride on glycolysis is low in the tissues with low glycolysis 
{Dickens and Simer, 1929] and also because the unaffected R.Q. is itself low. 

In the experiment with rat testis addition of fluoride to glucose-Ringer 
quite definitely caused a lowering of carbohydrate metabolism. The extent of 
respiration, Qo , is correspondingly reduced in the presence of fluoride in such 
extended experiments with tissues where a large part of the normal respiration 
is due to carbohydrate. The quotient in presence of lactate is quite unaffected 
by fluoride (cf. Table XII). This significant fact will be discussed later. 

Insulin and respiratory quotient. The method used has much potential value 
in relation to the difficult question of the réle of insulin in carbohydrate oxida- 
tion. The immediate question arising in the present paper was the effect of 
insulin on the carbohydrate metabolism in tumours, the insulin content of 
which has been shown to be less than that of most normal body tissues 
[Cramer, Dickens and Dodds, 1926]. In this connection the effect of adding 
insulin to the phosphate-Ringer solution was first studied for liver. Two 
experiments were made and the results are given in Table XIV. The insulin 
used had 14 international units per mg. 

Table XIV. Effect of insulin on Rr.a. 
R.Q. 


Experi- Concentration of Without With 
ment no. insulin per ce. g. insulin insulin 
i ers (0-86 0-92 
1 1:8 x10 {0-87 0-95 


, ae (0-83 0-83 
2 oS x20 (0-81 0-77 


" = (0-78 0-79 
> é 7 
Jensen rat sarcoma... 1 7 x10 10-76 0-77 


‘ . (0-94 0-95 
2 viz 26 >, © 9 5 4 
Rous chicken sarcoma 1 2 x10 0-95 0-91 


In the first of these experiments a definite increase of carbohydrate meta- 
bolism was observed, the change being quite outside the limits of experimental 
error. In the second experiment, however, the same concentration of insulin 
had no effect whatsoever. It is evident that many further experiments will be 
necessary to account for this difference, and such questions as the state of 
nutrition of the animal, the particular lobe of liver used, etc. must be taken 
into account. In the two examples of tumours examined the results (Table 
XIV) indicate that the mere addition of insulin to tumours is insufficient to 
restore the property of oxidising carbohydrate in such tissues. 


A note on the use of “oxantin” by tissues. 


In an earlier paper [Dickens and Simer, 1929] it was found that appreciable 
amounts of lactic acid were formed by normal and tumour tissue from “oxan- 
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tin” (dihydroxyacetone, Hoechst). On using a freshly purchased specimen of 
the same preparation, different values for the anaerobic glycolysis of tissues 
in dihydroxyacetone-Ringer solution were obtained. The purity of the pre- 
paration had previously been assumed to be sufficiently high, on the basis of 
the good yield of the dibenzoate (m.P. 121°) obtained by the method of Fischer 
and Taube [1924]. The variable results mentioned above caused us to purify 
the substance by distillation in high vacuum [Fischer and Mildbrand, 1924] 
of the portion of oxantin insoluble in a small quantity of acetone or alcohol. 
The distilled dihydroxyacetone (M.P. 67°-71-5°; M.w. 86) was only very slightly 
attacked by the tissues examined as the following examples show (Table XV). 
These values are of a similar order of magnitude to those obtained by Meyerhof 
and Lohmann [1926] with liver and kidney tissue. In all cases the readings fell 
somewhat during the experiments. 


Table XV. 
Dihydroxyacetone Dihydroxyacetone (90 %)-+-methylglyoxal (10 %) 


x : Detaleciceatsss 

01% 02% 05% 0-1 % 0-3 % 
Rat testis O0b. +25 444 446 +7 +20 
Jensen sarcoma c. — +2°5 — — —_— 

That the impurity was methylglyoxal was shown by fractional distillation 
of the alcohol-soluble portion of oxantin in vacuo. The volatile distillate, when 
treated with hydrazine hydrate, gave a yield of nearly pure dihydrazone which 
amounted to 10 % by weight of the specimen of oxantin used, and after one 
recrystallisation from alcohol melted at 93° [Fischer and Taube, 1924]. The 
higher results obtained previously must therefore be ascribed to the great 
readiness with which tissue glyoxylases attack this impurity; the pure sub- 
stance, as obtained by distillation of oxantin, must be used in all experiments 
with surviving tissues. 

DISCUSSION. 

Significance of the measurements. The most obvious fact observed in these 
experiments is that all values for the R.Q. are within the limits of values corre- 
sponding to the oxidation of typical foodstuffs. This applies to the whole of 
the measurements on all the tissues, in some hundred experiments made up 
to the present. There is therefore no reason to suppose that the substances 
oxidised in isolated tissues under the conditions of our experiments are 
essentially different from those metabolised in the intact organism. Whilst 
the quotients for fat and carbohydrate will not differ appreciably in our experi- 
ments from those in the whole body, the same is not necessarily true of protein, 
the quotient for which is normally calculated after making allowance for the 
nitrogen excreted in the urine and feces. The main nitrogenous waste product 
in the whole body is urea, but there is little evidence as to the extent of the 
urea formation by isolated tissues. The literature on this point has been dis- 
cussed by Holmes and Watchorn [1927]. From Warburg’s figures [1926] it is 
clear that at least a part of the nitrogen catabolised appears as ammonia, but 

83—2 
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the formation of urea in surviving tissues cannot be excluded at present. The 
respiratory quotient for protein, if the end product is urea, is about 0-8; on the 
other hand it closely approaches the carbohydrate level if the end product is 
ammonia. This circumstance causes some uncertainty in the quantitative 
interpretation of our experimental figures. Fortunately the protein cata- 
bolism is not large in solutions containing glucose, if the figures for ammonia 
formation given by Warburg are taken as indicative of the extent of oxidation 
of proteins. 

Relation between carbohydrate oxygen consumption and r.Q. If the protein 
metabolism may be neglected, an approximate idea of the percentage of the 
total respired oxygen used for the oxidation of carbohydrate can be gained 
from the relationship: 

% of total O, for carbohydrate = 7 oT x 100, 
where RF represents the observed value of R.Q. and the value 0-71 is taken as 
an average value of the R.q. for the oxidation of fat. In the present state of 
knowledge of the metabolism of isolated tissues, it is necessary to consider 
for each individual case how far the application of such considerations is 
justifiable. 

Liver. The mean value 0-79 obtained for rat liver would correspond to 
utilisation of only some 20-30% of the total oxygen for combustion of 
carbohydrate in spite of the fact that about 0-2 % of glucose is present in the 
surrounding medium. There is no evidence from our experiments for the 
occurrence of any extensive transformation of fat into carsohydrate. Unless 
the carbohydrate formed is immediately oxidised, this process would result in 
a value of R.Q. much below the figures obtained. 

Kidney. Kidney is one of the few tissues other than muscle and nerve 
upon which systematic measurements of R.Q. in vitro have been made. Shorr, 
Loebel and Richardson [1930] give several results, and average values of 0-88 
and 0-85 in 0-2 °%, glucose as the means of two series of observations. Our values 
are in good agreement with these. If the protein oxidation is neglected, our 
mean quotient of 0-85 indicates that about 50 % of the respired oxygen is 
utilised for the oxidation of carbohydrate, a proportion considerably higher 
than in liver. In this particular case, however, we are probably not justified in 
neglecting the protein catabolism. Warburg [1926] states that in kidney the 
temperature coefficient showed that the principal source of the rather large 
excretion of ammonia was merely the washing out of ammonia from the tissue. 
If a more detailed investigation of the nitrogen metabolism of adult kidney 
were to show that this was at least in part a true ammonia formation from 
protein, the amount of oxygen required for protein would reduce the above 
figure for carbohydrate very considerably. 

Testis. Schorr, Loebel and Richardson [1930] give one value of 0-97 for 
R.Q. of rat testis in Ringer-phosphate solution with glucose, but the value 
applies to a phlorizinised rat. The earlier paper of Loebel and Hickling [1927] 
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gives no figure for the value of 8.Q. in the normal animal, although the effect of 
lactate upon R.Q. of rat testis is there briefly discussed. Our mean value of 
0-94 for testis indicates a high carbohydrate metabolism, since probably about 
80 % of the respired oxygen goes to the combustion of carbohydrate on the 
basis of this figure. 

Brain. Our finding of a purely carbohydrate catabolism in brain is in good 
agreement with the recent results of Himwich and Nahum [1929] by the per- 
fusion method. Loebel [1925] has found that rat brain in fructose has R.g. = 
0-99 and in lactate, 0-92. In Ringer solution without addition of nutritive 
substance the R.Q. was 0-86. Loebel gives no figures for the R.g. in presence 
of glucose. 

Retina. Retina occupies a quite exceptional position among all animal 
tissues, since it has the highest respiration and highest anaerobic glycolysis of 
any tissue yet studied [Warburg, 1927]. The aerobic glycolysis in vitro is also 
very high, and is considerably greater than in the case of most tumours. Our 
measurements show that, like all the other normal tissues with a high glycolysis, 
retina has a carbohydrate quotient. 

Embryo. Since brain and retina are examples of nervous tissue, the high 
carbohydrate metabolism observed might be regarded as a special property 
of such tissues, It was therefore very desirable to extend our series of highly 
glycolysing normal tissues to include other examples, of which the most im- 
portant is the embryo. Apart from the intrinsic interest of this problem, the 
comparison of embryonic tissue and tumours is one of the most likely methods 
of throwing some light on the different processes involved in the rapid but 
regulated growth of embryonic normal cells and the equally rapid but dis- 
orderly growth of tumour cells. The embryonic tissues studied by Warburg 
[1926] from this point of view showed a very high production of lactic acid 
under anaerobic conditions, which was removed almost completely when the 
tissues were given an adequate supply of oxygen. The carbohydrate quotient 
found for embryo in our experiments (Tables IV and V) may be compared 
with the mean value of about 0-90 obtained by Bohr [1900] for the mammalian 
foetus (guinea-pig). 

The results obtained with the chicken embryo in a medium containing 
glucose are quite unlike the original observations of Hasselbalch [1900] on the 
metabolism of the whole egg, in which the mean value of R.Q. = 0-677 was 
obtained. The cause of this difference would repay further investigation. As 
the mean of eight experiments on chickens fed with oats and water, Regnault 
and Reiset [1849] obtained the value 0-927. There is no doubt from our ex- 
periments that the metabolism of the young (5-day) embryo is a purely carbo- 
hydrate one when the embryo is given an adequate supply of glucose. The 
anaerobic glycolysis of the 5-day chicken embryo determined by the bi- 
carbonate method [Warburg, 1926, p. 131] is high; the embryo forms about 
7 % of its own weight of lactic acid per hour (Q;, == 18-2, embryo dry weight 
= 9-0 mg.), a figure comparable with the anaerobic lactic acid production in 
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many tumours. The R.Q. of unity found by us is therefore like that of the other 
highly glycolysing normal tissues. 

Tumour tissues. The experiments on rat tumours and on Rous sarcoma do 
not call for any special comment. The R.Q. is in all cases definitely below the 
carbohydrate level. Certain of the mouse tumours are of special interest par- 
ticularly the spontaneous carcinoma II. In this tumour the respiration is 
large compared with the anaerobic glycolysis, consequently the U-value 
[Warburg, 1927] is negative, whereas it was formerly considered to be positive 
in all malignant tumours. 

The value of the r.g. however, shows that a large proportion of the sub- 
stance oxidised consists of non-carbohydrate material and that the nature of 
the oxidation is the same in this as in other tumours. 

Summing up the results on animal tumours the following generalisations 
apply to them all. 

(1) The anaerobic glycolysis is high. 

(2) Lactic acid is also produced aerobically. 

(3) The respiration is of the same order of magnitude as in normal tissues, 
but 

(4) the R.q. is in all cases definitely below the carbohydrate level. 

Whilst (1) applies to the normal tissues having a purely carbohydrate 
metabolism, and (2) applies also to retina and to testis under the conditions 
of our experiments, (4) distinguishes the tumour group from all the examples 
of highly glycolysing normal tissues studied. 

Human tumours. Only a variable proportion of human tumour tissue is 
made up of cancer cells, and much of the material usually consists of connective 
tissue. The values for glycolysis and respiration are low in these two experiments 
for this reason, and the figures may be compared with measurements given by 
Warburg [1927] on similar material. It is probable that the actual cancer cells 
have a high glycolysis in this case also, since the adventitious tissue itself 
usually has a very low metabolic exchange. The low value of R.Q. is therefore 
in complete accordance with the measurements on other tumours, and may be 
contrasted with the quotient of unity given by highly glycolysing normal 
tissues. 

Tuberculous lymphatic gland. This specimen, as will be observed from the 
figures shows a positive excess of fermentation over respiration [U-value, 
Warburg, 1927] and a high aerobic glycolysis (Table XI). Unless one is pre- 
pared to accept the view that the gland consisted of dying tissue this example 
proves an exception to all suggestions yet made for differentiating cancer 
from other normal and pathological growths on the basis of metabolic measure- 
ments. The R.Q. of the gland is also low and is comparable with that of tumours. 
How far similar disturbances of the respiration are present in other types of 
pathological growth is under investigation. The above example shows however 
that damage to the carbohydrate metabolism may occur in pathological growths 
other than cancer tissues under certain circumstances. In this particular 
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example the damage to the metabolism is also reflected in the figures for 
respiration and glycolysis. In other cases the lowering of R.Q. affords evidence 
of damage to the respiration which is not shown by the usual measurements 
of respiration and glycolysis. The measurement of R.Q. is therefore a valuable 
aid in extending the interpretation of pathological growth in terms of meta- 
bolism. 

. CoNCLUSIONS. 

In Table XVI are given the mean values for the R.Q. of normal tissues found 
in our experiments. The table also includes the value of the anaerobic glycolysis 


r 
2 


a , .e. the amount of lactic acid formed per mg. dry-weight of tissue per hour 
in nitrogen (e.g. al = 25, indicates a production of lactic acid equal to 10% 
of the dry-weight per hour; other values are proportionate). Inspection of the 
figures shows the following facts. 

(1) Animal tissues may be divided into two main groups. In the first 
group, which includes most of the resting tissues, the value of R.Q. is definitely 
below unity, indicating the oxidation of a considerable proportion of fat. The 
carbohydrate oxidised forms sometimes only a small part of the total sub- 
stance consumed by these tissues. 

(2) In the second group, which includes nervous tissues like brain and 
retina, and also embryonic tissues, the R.Q. is almost exactly equal to unity, 
showing that the oxidative metabolism is a purely carbohydrate one. 

(3) In the tissues of Group I there is a low anaerobic glycolysis, whilst in 
the tissues forming Group II there is on the contrary a high anaerobic cata- 
bolism of carbohydrate, as shown by the values of 00, recorded in the above 
table. On the whole, increase of o. follows the increase in the value of R.Q. 
in Group I. ; 

(4) Hence in normal tissues a low value of z.Q. is always associated with 
a low ability to form lactic acid under anaerobic conditions. On the other 
hand, if the anaerobic glycolysis of normal tissues exceeds a certain limit, the 
R.Q. is a purely carbohydrate one. There is a gradual transition from one type 


Table XVI. 2.9. and anaerobic glycolysis of normal tissues. 


Table Tissue R.Q. O53. 


IV Liver 0-79 
Tit Kidney 0-85 
1V Intestinal mucosa 0-85 
Submaxillary 0-87 
Spleen 0-89 
Testis 0-94 
Embryo (rat, 10 mg.) 1-04 
Embryo (chicken, 10 mg.) 1-00 
IV Brain cortex 0-99 
" Chorion (embryo wt., 30 mg.) 1-02 
VI Retina 1-00 
Of rat unless otherwise stated. 
W.= Warburg [1927], N. =Negelein [1925], M. & H.=Murphy and Hawkins [1925]. 
The other figures in the table are the mean values of our experiments. 
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to the other, and as will be seen from the figures given in Table XVI a definite 
parallelism exists between oxidative and anaerobic metabolism of carbohydrate 
in all the normal tissues studied. j 

These facts suggest very strongly the view that the oxidative removal of 
lactic acid in these tissues is concerned mainly or solely with carbohydrate. 
In those tissues where the anaerobic glycolysis is high, the R.q. of unity in- 
dicates that carbohydrate is being removed by the oxidative metabolism, and 
the formation of lactic acid aerobically is thus diminished. On the other hand 
in tissues with low anaerobic glycolysis only a small portion of the respiration 
is concerned with carbohydrate, but this amount is sufficient to abolish the 
low anaerobic formation of lactic acid when these tissues are placed in oxygen. 
From the work of Meyerhof it follows that, at any rate in the case of muscle, 
the whole of the lactic acid is not oxidised, but a portion is resynthesised to 
carbohydrate. The energy for this process however appears from our figures 
to be derived in the tissues studied from the oxidation of carbohydrate and 
not from the combustion of other foodstuffs. There is nothing incompatible 
with such an assumption if the results are carefully examined. However the 
calculation of the exact numerical values of what may be called the “ Meyerhof 
quotient for carbohydrate” 7.e. 

Anaerobic glycolysis—aerobic glycolysis 
Respired oxygen used for combustion of carbohydrate 





presents some uncertainties, arising not only from the difficulties discussed 
previously in the exact calculation of the proportion of oxygen used for carbo- 
hydrate from the R.Q. of excised tissues, but also from the special difficulties 
connected with the measurement of aerobic glycolysis. Owing to its indirect 
nature, the bicarbonate method of Warburg requires great care if reliable 
results for aerobic glycolysis are to be obtained, and a knowledge of the R.Q. 
of the tissue is presupposed in calculating the results. Apart from such tech- 
nical considerations however, the effect of Ringer solution in some cases may 
cause definite damage to the efficiency of the Pasteur reaction. For example, 
rat testis forms an appreciable amount of lactic acid aerobically in Ringer 
solution, but not in serum [Warburg, 1926]. 

Whilst it is not yet possible, therefore, to state definitely if the relationship 
between the carbohydrate fraction of the respiration on the one hand and the 
glycolysis on the other takes the exact form of the Meyerhof quotient, it 
appears from our results that the removal of lactic acid, or the prevention of 
its appearance, is concerned with the oxidation of carbohydrate only. 

This conclusion is supported by further experiments on the effect of lactate 
on the respiratory quotient of tissues (Table XII). Addition of lactate to 
excised tissues has been shown by Meyerhof and Lohmann [1926] to bring 
about an increase in the extent of respiration. Similar results were observed 
in the experiments on normal tissues summarised in Table XII, and in addi- 
tion, measurement of the r.q. showed a marked increase towards the carbo- 
hydrate level in both liver and testis. Clearly, lactate is utilised freely by these 
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tissues. In liver where the carbohydrate metabolism (aerobic and anaerobic) 
is normally low, the effect of lactate is even to raise the value of the R.Q. above 
the level in glucose. The figures for testis also show that glucose may largely 
be replaced by lactate in oxidation. It is difficult to express an opinion as to 
whether the lactate added is directly oxidised or is resynthesised into carbo- 
hydrate, an equivalent portion of which is then oxidised. Evidence from our 
experiments with fluoride sheds some light on this problem. Fluoride de- 
presses the anaerobic breakdown of carbohydrate into lactic acid, and Table 
XIII shows that it also depresses the oxidative consumption of carbohydrate, 
as would be expected from the general considerations discussed below. On 
the other hand the second part of Table XIII shows that fluoride has absolutely 
no effect on the oxidative consumption of lactic acid. This result may best be 
considered with the aid of the simplified scheme given below, which is based 
on current views of intermediary carbohydrate catabolism. This scheme, 
which must be regarded as being made up of a series of more or less labile 
equilibria, is the one most in accordance with the facts contained in this paper: 


Glucose 
(4) | 
Triose 
(Methylglyoxal) 
r Y 
(B) \@) 
Pyruvic acid Lactic acid 


CO, +H,0 


In this system, fluoride inhibits carbohydrate catabolism somewhere along 
the line (A) while so far as is known it is without effect on (B) and (C). Con- 
sequently if it is assumed that the resynthesis of lactate into carbohydrate 
proceeds through methylglyoxal, the question as to whether the lactic acid 
itself, or an equivalent amount of carbohydrate is oxidised, is of a somewhat 
academic nature. 

A more important question is the effect of methylglyoxal itself on tissue 
oxidation. The practical difficulty of the very rapid transformation of methyl- 
glyoxal into lactic acid by tissue glyoxalase has prevented us from studying 
this effect directly. An investigation of the influence on respiration of methyl- 
glyoxal in the presence of antiglyoxalase is much needed, and will be the 
subject of further experiments. 

Effect of pyruvate. That pyruvate can support respiration of brain tissue 
after the latter has exhausted its own store of carbohydrate has been shown 
by Loebel [1925]. In the experiments with pyruvate recorded in Table XII 
the rise in the value of the z.Q. provides direct evidence that tissues possess 
the property of attacking pyruvic acid, although here also it is at present im- 
possible to say whether this effect is preceded by a resynthesis to carbohydrate. 
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Tumours. 


It has already been mentioned that according to current views the damage 
to respiration in tumours may be of two kinds: (1) the extent of respiration is 
diminished, and (2) the respiration loses its normal power of preventing 
glycolysis when the tissue is given an adequate supply of oxygen. Since the 
evidence concerning normal tissues brought forward in the present paper shows 
that the influence of respiration on glycolysis is not an effect of the respiration 
as a whole but is due to that part of the respiration which is concerned with the 
oxidation of carbohydrate, the metabolic deviation in tumours becomes much 
clearer than previously. The damage affecting oxidation processes in tumours 
is principally a damage of the oxidation of carbohydrate: tumours cannot 
oxidise carbohydrate to the same extent as normal cells having similar powers 
of anaerobic glycolysis. Experimental proof of the correctness of the statement 
is given in Table XVII in which the values for r.q. of tumours determined in 
the experimental portion are compared with the values for anaerobic gly- 
colysis. 


Table XVII. 2.9. and anaerobic glycolysis of tumour tissues. 


Table Animal Tissue R.Q. Q. 
VII Rat Jensen sarcoma 0-82 34* 
IX ba Slow sarcoma 0-94 18 

ea Chicken Rous sarcoma 0-93 30* 
IX& X Mouse Spindle-cell tar tumour 173 0-91 21 
i Tar carcinoma 2146 0-87 22 
ss o Crocker sarcoma 0-89 22 
. = Sarcoma 378 0-86 27 
. es Spontaneous tumour I 0-91 20 
— Spontaneous tumour IT 0-87 (16)+ 
Human Papillary carcinoma of bladder 0-86 (3-4)7 
& Carcinoma of breast 0-84 (7-1)7 
* (Warburg, 1926.] + Mixed tumours; much connective tissue. 


If the figures given in this table are compared with those given above 
(Table XVI) for normal tissues having similar powers of glycolysis (2...) the 
damage to the oxidation of carbohydrate in tumours is evident from the fact 
that whereas all such normal tissues have a purely carbohydrate R.Q., in the 
case of tumours the R.Q. is in all cases below unity, and in many cases indicates 
the probable consumption of large amounts of non-carbohydrate material. 
The tumour cell like other rapidly growing cells has a high glycolysis under 
anaerobic conditions. Since the lactic acid arises from the glucose originally 
contained in the surrounding medium, this must mean that the tumour cell is 
capable of producing freely the intermediary compounds in the chain of pro- 
cesses the overall result of which is the transformation of glucose into lactic 
acid. Referring to the scheme of intermediate metabolism given above, in 
tumours and highly glycolysing normal tissues the reactions along paths (A) 
and (C) occur very rapidly under anaerobic conditions resulting in a liberal 
production of lactic acid. Since all tissues attack methylglyoxal with very 
great rapidity, converting it into lactic acid, there is no reason to suppose that 
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this stage (C) is ever defective in normal or tumour tissue. Path (A), 7.e. the 
conversion of hexose to the 3-carbon system, is therefore the stage which must 
control glycolysis in those tissues where the glycolytic power is low (e.g. liver 
and kidney). 

If this principle is accepted, since only minimal amounts of the inter- 
mediate 3-carbon system will be available for oxidation, a simple explanation 
is available as to why these tissues also utilise so little carbohydrate in their 
oxidative catabolism. The deficiency in normal tissues with low glycolytic 
power is in the primary stages of the breakdown of hexose, thus affecting both 
aerobic and anaerobic catabolism of carbohydrate. In normal tissues with 
high glycolysis, the corresponding carbohydrate R.g. shows that there is no 
deficiency in stage B, and that the oxidation of the intermediate compound, 
once this is formed, proceeds quite readily in normal tissues. 

In tumours the conditions regulating the carbohydrate metabolism are 
entirely different. Stages A and C proceed quite as freely as in normal highly 
glycolysing tissues; there is thus a liberal production of the intermediate 
3-carbon compound, yet the oxidation of carbohydrate is defective, as is 
shown by the fact that the value of the R.Q. is definitely below unity in all 
cases. The simplest and most probable explanation of these circumstances is 
that the failure of oxidation of carbohydrate in tumours occurs at a stage 
following the formation of the methylglyoxal. Such damage would have no 
effect on the anaerobic glycolysis, but would reduce the amount of carbo- 
hydrate capable of being removed by oxidation when the tumour tissue is 
transferred to aerobic conditions. In tumours there is therefore inadequate 
oxidation of carbohydrate, as a result of which is found a low R.q. and the 
occurrence of aerobic glycolysis. 

Since several stages are undoubtedly concerned in the oxidation of the 
3-carbon intermediate, finally resulting in the formation of CO, and water, it 
is of importance to investigate this chain of reactions (route B) more closely. 
There is considerable evidence that one of the most important products is 
pyruvic acid. This substance would result from the simple dehydrogenation 
of either the hydrate of methylglyoxal, or, rather less probably, of lactic acid 
itself. The rise in R.Q. accompanying the addition of pyruvate to all tissues 
studied including tumours (Table XII) shows clearly that tumour tissue retains 
the power possessed by normal tissue of attacking pyruvate. On the other 
hand addition of lactate does not appreciably influence the oxidative carbo- 
hydrate metabolism in tumours, which in this respect show a behaviour in 
sharp contrast to that of normal tissues with a similar respiratory quotient, 
such as liver and kidney. The damage to the carbohydrate metabolism in 
tumours therefore probably precedes the formation of pyruvic acid in the 
chain of intermediates, and is subsequent to the transformation of hexose to 
the earlier members of the 3-carbon stage. 

To what extent, qualitatively or quantitatively, this metabolic deficiency is 
limited to tumours cannot be discussed until much more evidence has been 
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collected on the value of r.q. It is however clear from the measurements on 
the tuberculous lymphatic gland recorded in Table XI that definitely non- 
neoplastic types of growth may show damage to respiration which, as far as 
our observations show, is similar to that in cancer tissue. In this connection 
Warburg’s [1929] classification may be referred to. In Warburg’s view, the 
occurrence of aerobic glycolysis is not specific for tumours, unless one considers 
as an additional criterion the power of the tissue in turning to account the 
energy resulting from glycolysis. Tumour tissue is characterised by its power 
of growth, and a part of the energy needed for growth arises from such gly- 
colysis. On the other hand tissues other than tumours possessing the power of 
aerobic glycolysis are considered by Warburg to be made up of dying cells. 
There are several difficulties in accepting this view. The metabolic distinction 
between malignant growth and the benign tumours, the powerful aerobic 
glycolysis of which was observed by Warburg [1926], is not at all marked, 
although clinically and morphologically the distinction is, of course, funda- 
mental. The result obtained with the mammalian retina, which all measure- 
ments yet made have shown to possess a very high aerobic glycolysis, is attri- 
buted by Warburg firstly to the special function of the retina, and secondly to 
damage occurring on removing this organ from the body. Apart from these 
anomalies there are difficulties in interpreting the results in any particular 
- .instance, particularly in deciding whether the tissue consists of dying cells, as 
in the case of the tuberculous gland described above. 

The very important discoveries of Warburg and his collaborators may be 
briefly summed up, as far as they concern tumours, by the statements that in 
tumours the respirations injured, and that as a result of such injury glycolysis 
appears aerobically [Warburg, 1929]. The experiments reported in the present 
paper show that the damage to respiration in tumours is wholly or mainly a 
damage to the oxidation of carbohydrate. The whole question as to whether 
such injury is in any way specific for tumours, and in general whether the 
difference between tumours and other types of pathological growth is capable 
of being adequately expressed in terms of metabolism, must, be left to future 
discoveries to prove or disprove. 


SUMMARY. 


1. The method for measurement of R.Q. previously described (Part I) has 
been applied to a series of normal and tumour tissues. 

2. The validity and accuracy of the method are shown (a) by the regularity 
of respiration over long periods, and (b) by the agreement between duplicate 
determinations of R.Q. 

3. All results indicate the consumption of normal foodstuffs in respiration, 
without appreciable interconversion of one form into another. 
4. Only certain tissues have a carbohydrate quotient; these are the highly 


glycolysing normal tissues, and include brain, retina, chorion and embryo. 
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5. Normal tissues with low glycolytic power consume largely non- 
carbohydrate material, presumably fat (liver, kidney, mucous membrane). 

6. A group intermediate both in glycolysis and value of r.g. comprises 
submaxillary, spleen and testis. 

7. All the tumours examined had R.Q. definitely below the carbohydrate 
level, in spite of their very marked ability to convert glucose into lactic acid. 

8. The oxidative metabolism of tumour is thus quite distinct from that of 
normal tissues, since tumours possess both high glycolysis and low oxidative 
carbohydrate metabolism, a combination not found in normal tissues. 

9. It is concluded that there is a definite defect in the oxidation of carbo- 
hydrate by tumour tissue. 

10. Consideration of the actual values of R.g. obtained, supports the view 
that in all the tissues examined the energy for resynthesis in the Meyerhof 
cycle, is provided by oxidation of carbohydrate rather than of other foodstuffs. 

11. Tumour tissue does not utilise lactic acid added to the medium and 
differs in this respect from normal tissues having a similar value of R.Q. 

12. Tumour tissues and normal tissues can utilise pyruvic acid freely in 
their oxidative metabolism. 

13. Evidence has been obtained that fluoride inhibits oxidative as well as 
glycolytic decomposition of carbohydrate. Fluoride does not affect the R.Q. or 
respiration of normal tissues (rat testis) in the presence of an adequate supply 
of lactate. . 

14. The effect of the addition of insulin to the medium is described. 

15. The general conclusion from the evidence summarised above is that 
the failure of the oxidation of carbohydrate by tumour tissue occurs at a stage 
of the intermediary metabolism subsequent to the conversion of hexose to the 
3-carbon stage, and prior to the oxidation of the latter. 

16. The probable nature of the different types of carbohydrate metabolism 
occurring in normal tissue and tumours is considered on the basis of the above 
hypothesis. The bearing of these observations on the more general question of 
the possibility of the interpretation of the behaviour of tumours by means of 
the metabolic measurements is discussed. 
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CXLIV. THE FATTY ACIDS IN THE LIVER 
OF THE SHEEP. 


By KENNETH TURNER. 
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(Received July 19th, 1930.) 


W3BILE it is well known that the fatty acids that can be isolated from the liver 
and other organs of animals differ from those that are found as glycerides in the 
adipose tissue, where reserve fat is held in store, the precise nature of the un- 
saturated acids in these organs has been defined only in the case of certain 
acids from the liver of the pig. The difference is particularly marked in the 
iodine value, which is usually about 135 in the case of the liver fatty acids as 
against 65 or less for the acids of the reserve fat. Hartley [1909] isolated an 
oleic acid from pig’s liver in which he proved that the double bond was between 
C,, and C,; and a linoleic acid with double bonds between Cy and C,, and 
between C,, and C,,. No evidence of the presence in pig's liver of the ordinary 
A®;10-oleic acid was obtained, though this appeared to be the only oleic acid 
present in the adipose tissue fat of the pig. He interpreted these results as 
pointing to the formation in the liver of the new oleic acid from stearic acid, 
and of the linoleic acid, which also was not found in the adipose tissue fat, from 
the oleic acid found there, by the introduction of a new double linkage between 
C,, and C,, in each ease. The occurrence of these acids in the liver but not in 
the fat stored in adipose tissue was thus regarded as further evidence for the 
view that stored fat of low iodine value when called up for use is taken up 
more particularly in the liver, where the fatty acids are desaturated and assume 
the properties characteristic of the fatty acids found in this and other organs. 

But part of the evidence for this view consists in the fact that the liver is 
found frequently to contain large amounts of fat, and it is only when it does 
not yield more than about 3 % of fatty acids on treatment with concentrated 
potassium hydroxide that the iodine value of these acids is as high as 130 or 
135. The larger the yield of fatty acids the lower their iodine value, and, as was 
shown by Imrie [1914], the actual iodine value observed is in the human liver 
such as would correspond with an admixture of fatty acids from the adipose 
tissue stores having the iodine value 65 with the ordinary 3 % of fatty acids 
found in the liver and having the iodine value 135; when there is 6 % of total 
acids the iodine value is (135 + 65)/2 or 100, when 9 % (135 + 130)/3 or 88 
and so on up to 20 % or more. Had the pigs’ livers that Hartley [1909] worked 
with contained larger amounts of fatty acids than about 3 % and included 
some that had been freshly imported from the adipose tissue it is to be expected 
that he would have found not only the A*:18-oleic acid but also the A®-?°-acid. 
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The yield of fatty acids obtained by treating with potassium hydroxide the 
livers with which he worked is not recorded, but the fact that he found only 
that oleic acid which is not found in the adipose tissue seems to imply that the 
yield was not more than about 3 %. 

Tn a reinvestigation of the nature of the oleic acid in pigs’ livers containing 
about 4-5 % of fat certain data were obtained which pointed to the presence 
of both oleic acids in the organs used. But in sheep’s liver no evidence was to 
be obtained that any oleic acid was present other than the A®>1°-acid which is 
commonly found in adipose tissue fat. On the other hand, the same linoleic 
acid was obtained from sheep’s liver as Hartley obtained from pig’s liver. 
The occurrence of this linoleic acid in the liver but not in adipose tissue fat 
of the sheep lends itself to the same interpretation as that given by Hartley 
[1909], that it is formed from the A®>!°-oleic acid by the introduction of a new 
double bond between C,, and C,,;. But there is no evidence of the desaturation 
of stearic acid by this reaction at this point in the sheep’s liver and if stearic 
acid is desaturated in this animal’s liver it must be by conversion into the 
ordinary A®:10-oleic acid. 

EXPERIMENTAL. 


The livers were minced, the pulp was weighed, mixed with } of its weight 
of 50% potassium hydroxide solution and heated on a water-bath. When 
most of the material had gone into solution an equal volume of alcohol was 
added, and heating was continued to complete saponification of the compounds 
of fatty acids. The fluid, diluted with alcohol to 50%, was shaken out with 
light petroleum (B.P. about 60°) three times to remove unsaponifiable soluble 
material and then after acidification shaken with the same solvent to remove 
the fatty acids. Sheeps’ livers on various occasions treated in this way to- 
gether with preparations from other species gave results such as those shown 
in Table I. 

Table I. 
Fatty acids 
_=—_ —$———— 
Wt. of liver g. g- % of liver [Iodine value 
Sheep’s liver 36-5 123 
85-5 124 


44-7 116 
135 


e 
© 


133 
113 
125 
123 


9? 
Pig’s liver 
Ox liver 
Cat’s liver 
Rabbit’s liver 


G2 bo He IB Or G9 Go Go 
WAKWAGSSH 


In dealing with large quantities the operations take longer and the iodine 
value tends to be lowered. Small samples can be carried through more rapidly 
and then a smaller proportion of the more unsaturated acids undergoes changes 
that render these insoluble in light petroleum. The molecular weight of the 
acids tends to be high, 300 or more, but the more thorough the extraction of 
the alkaline soap solution for removal of unsaponifiable substances and also 





LIVER FATTY ACIDS 1329 


sometimes of some solid material that tends to separate out at the junction 
between the two fluid layers, the more nearly does the molecular weight of the 
fatty acids approximate to that of the common higher fatty acids (about 280). 
The fatty acids in this process also become less deeply coloured. If the acids 
finally obtained are kept for any length of time in the air they do not redissolve 
completely in petroleum; a product either of oxidation or possibly of poly- 
merisation forms which is not soluble in this solvent. Two specimens of sheep- 
liver acids extracted on a larger scale were supplied by the kindness of the 
British Drug Houses, each amounting to about a kilogram. One of these had 
the iodine value 112 and the apparent M.w. 302, the other iodine value 92-5 
and M.w. 334. For the purpose of defining the nature of the acids they were 
oxidised by the following methods. 


(1) OxIDATIONS OF MIXED FATTY ACID ETHYL ESTERS 
BY ARMSTRONG’S METHOD. 


The oxidation of unsaturated fatty acids by means of powdered potassium 
permanganate in boiling acetone, as shown by Armstrong and Hilditch [1925], 
causes scission of the molecule at the site of the double bond. In this way, for 
example, the commonly occurring A%-1°-oleic acid gives rise to pelargonic 
and azelaic acids: 


CH,(CH,),CH=CH(CH,),.COOH Oleic acid 


CH,(CH,),COOH COOH(CH,),.COOH 
Pelargonic acid Azelaic acid 

The common linoleic acid, with its double bonds in the A®1- and A?2,13- 
positions, similarly breaks down to caproic and azelaic acids, together with 
malonic acid which loses carbon dioxide and is isolated mainly as acetic acid. 

It was decided to apply this method to the mixed fatty acids from the 
mammalian livers to discover what acids were mainly produced. It was first 
necessary to make absolutely certain that in this method no oxidation of 
saturated fatty acids took place. 5g. of palmitic acid were accordingly dis- 
solved in 50 cc. of acetone and 5 g. of powdered potassium permanganate were 
added. After boiling for several hours the permanganate was still quite pink, 
showing that little, if any, oxidation had occurred. The palmitic acid was 
recovered quantitatively and unchanged. Armstrong and Hilditch [1925] 
state that for a successful oxidation it is necessary to employ a large excess of 
permanganate and to continue the oxidation for several hours. They also state 
that it is advisable to employ the fatty acids in the form of their esters, since 
protection of the terminal carboxyl group minimises the risk of uncontrolled 
oxidation. All these observations were confirmed in a series of preliminary 
oxidations of oleic acid and of the acids from poppy-seed oil. 

A. Sheep-liver acids. Iodine value = 92-5. Equivalent wt. = 334. 40g. 
of the ethyl esters (iodine value 86) were dissolved in 400 cc. of acetone 
and to the boiling solution 150 g. of powdered potassium permanganate were 
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added in small amounts during 2 hours, and the whole was boiled for a further 
9 hours. The acetone was then distilled off, 1 litre of water was added to the 
residue and a stream of sulphur dioxide was passed in until the solution was 
free from manganese dioxide. The volatile acids were removed by steam dis- 
tillation and extracted from the distillate with ether. The extract was dried 
over calcium chloride and evaporated. The yield of volatile acids was 7-18 g. 
These were distilled from a small flask and gave the following fractions: 


Fraction Temp. range Wt. of fraction g. Equivalent wt. % Ba in Ba salt 
Up to 190° 1-06 ae 

190-215° 0-88 131-4 

215-245° 2-22 146-3 

245-260° 1-02 200-0 

Residue—almost non-acidic. 

Acid B.P. Equivalent % Ba 
Theoretical values Caproic 203° 116 37-37 
Pelargonic 253° 158 30-44 


There were also recovered from the residue after steam distillation 17-0 g. of 
neutral products with iodine value 16-2, and 10g. of acidic products, not 
volatile in steam, which after two recrystallisations from hot water gave an 
acid of equivalent 100-2 and m.p. 95°. Azelaic acid has an equivalent of 94 
and m.P. 106°. 

B. Ox-liver acids. Iodine value = 103. The oxidation was carried out in 
the same way as described for sheep-liver acids. 36-5 g. of esters (iodine value 


94-5) gave 6-23 g. of volatile acids. On distillation as before: 


Fraction Temp. range Wt. of fraction g. Equivalent wt. 
Up to 110° 0-06 —_— 
110-200° 0-71 — 
200-210° 0-53 131 
210-245° 1-48 145 
245-260° 0-67 188 
The residue was almost non-acidic. 

There is therefore a very close correspondence between the results obtained 
for sheep- and ox-liver fatty acids. The fatty acids appear to consist almost 
entirely of a mixture of caproic and pelargonic acids, the latter preponderating 
in amount. Such evidence as these figures afford of the presence of caproic 
acid as well as pelargonic acid furnishes no proof of the presence of A: !- 
oleic acid, since caproic acid will be formed, as shown later, from the oxidation 


of the linoleic acid. 


(2) OxIDATIONS USING HYDROGEN PEROXIDE. 

On several occasions oxidations were performed on unsaturated fatty 
acids using Hilditch’s [1926] method, in which the fatty acids are dissolved in 
glacial acetic acid, concentrated hydrogen peroxide is added and the mixture 
is heated at 70° for several hours. The yields of dihydroxy-acids obtained 
in this manner were much better than those from the permanganate oxidations 
to be described below. Oxidations were carried out on the fatty acids from 
sheep’s liver, pig’s liver and cat’s kidneys, and also on technical linoleic acid 
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(iodine value 180), and in each case a dihydroxy-acid was obtained (M.P. 92°). 
Instead of sativic acid, however, a dark brown, viscous oil was invariably 
obtained. Bauer and Kutscher [1925] had reported that the use of hydrogen 
peroxide or perbenzoic acid on linolenic acid gave rise to oils of low iodine 
value and high molecular weight instead of to a crystalline hexahydroxy- 
stearic acid. They suggest that linolenic acid is polymerised when these re- 
agents are employed and it seemed worth while to see whether linoleic acid 
itself would give rise to sativic acid when oxidised with hydrogen peroxide; 
10 g. of linoleic acid, prepared from the tetrabromide by the method described 
by Rollett [1909], were dissolved in 100 cc. of glacial acetic acid to which was 
next added 50-60 cc. of 90/100 vols. hydrogen peroxide. The solution was 
heated for 12 hours at 70° with occasional agitation, and at the end of this 
time all the upper oily layer had disappeared. The liquid was then poured into 
300 ce. of water and steam-distilled until free from acetic acid. Excess of 
potassium hydroxide was added and the solution was boiled for 6 hours under 
reflux to hydrolyse any esters which might have formed. Acidification with 
sulphuric acid caused separation of a light oil and of a very small amount of 
a white crystalline solid. The oil was readily soluble in ether but the white 
solid remained undissolved. The ethereal extract, after removal of the ether, 
gave 5-0 g. of a thick orange-coloured oil, insoluble in petroleum, with an iodine 
value 7-86. The white solid weighed 0-12 g. (crude) and when recrystallised 
from hot water melted at 144°. Another 10 g. of linoleic acid were oxidised as 
before except that the temperature was maintained at 37° for three days. 
This yielded 4-4 g. of an orange oil of iodine value 5-0, and a small quantity of 
white solid which had m.p. 145°. One must conclude that hydrogen peroxide 
employed in this way is not suitable for the preparation of sativic acid. 

Hydroxy-acids from the bromo-acids. An attempt was made to prepare the 
hydroxylated acids from the original unsaturated fatty acids by way of the 
bromine addition compounds. Specimens of dibromo- and tetrabromo-stearic 
acids were prepared by bromination of oleic acid and linoleic acid respectively 
in ice-cold ether. These bromo-compounds were then boiled with silver acetate 
in glacial acetic acid for 3-4 hours. The resulting products were further boiled 
with alcoholic potassium hydroxide for 2 hours. Small amounts of dihydroxy- 
and tetrahydroxy-stearic acids were obtained in this way but the yields were 
no better than those from the oxidation methods. 


(3) OXIDATION OF THE FATTY ACIDS WITH ALKALINE PERMANGANATE. 


(a) Oxidation process. The method used for the oxidation of the unsaturated 
acids to the corresponding hydroxylated acids was the same in principle as 
that devised by Hazura [1888] and described by Hartley [1907]. But the 
modifications introduced make a new description necessary since, with their 
aid, large quantities of material can be dealt with easily and rapidly. 50 g. of 
the mixed fatty acids were heated on a water-bath with 50 cc. of alcohol until 


solution was complete, and, while still warm, 50 cc. of potassium hydroxide 
84—2 
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solution (sp. gr. 1-145) were added. The resulting soap solution, which contained 
a good excess of alkali, was poured into 2 litres of water in the reaction vessel. 
This consisted of a stout enamel vessel surrounded by a good freezing-mixture 
of ice and salt, and fitted with a mechanical stirrer. When the contents of the 
vessel were at 0°, 2 litres of 1-5 °% potassium permanganate solution were 
added in a fine stream from a tap-funnel, the temperature of the reaction 
mixture being maintained throughout at 0°, if necessary by the addition of 
crushed ice. When all the permanganate had been added the solution was 
stirred for a few minutes longer, and then made strongly acid by addition of 
concentrated hydrochloric acid. It was found that acidification, before passing 
in a stream of sulphur dioxide to remove the manganese dioxide, caused the 
precipitated fatty acids to rise to the surface more quickly and in a more 
compact form. The decolorisation with sulphur dioxide was best carried out 
in a large aspirator bottle, since this allowed the lower aqueous layer to be 
drawn off without disturbing the fatty acids. By removing most of the water 
in this way the subsequent filtration of the fatty acids was greatly accelerated. 
Filtration through a Biichner funnel is not recommended since the fatty acids 
pack into a compact mass and prevent the passage of the water through them. 
The fatty acids were left to drain overnight on the filters and were then spread 
on porous plates to dry. The drying can be hastened by changing the plates 
once or twice and by allowing them to rest on a bed of filter-paper. It was 
found advantageous to carry out seven or eight oxidations in one day and to 
collect all the products for extraction. 

(b) Separation of the hydroxy-acids. Soxhlet extraction of the dried acids 
was tried several times but it has many disadvantages. There is produced in 
the oxidations a considerable amount of a viscous oil, insoluble in petroleum, 
which collects in the syphon tubes and prevents the proper functioning of the 
apparatus. Also, unless the fatty acids are perfectly dry, channelling by the 
solvent takes place, and the extraction is incomplete. It was found far quicker 
and simpler to pour the dry melted fatty acids quickly into a litre of warm 
light petroleum (B.P. 60°-80°) in a flask, and then to boil the mixture under 
reflux for a few minutes. While still warm it was filtered through a fluted filter 
and the residue was again treated with more petroleum; this process was con- 
tinued until no more fatty acids were extracted. If during the first extraction 
with petroleum an appreciable amount of water settled to the bottom of the 
flask, this was removed, before filtration, by pouring the whole into a separat- 
ing funnel and drawing off the bottom aqueous layer. When the unoxidised 
saturated fatty acids had been extracted in this way with petroleum, the 
residue, after drying in vacuo, was boiled up under reflux with about 1 litre 
of ether. The ethereal extract was poured while warm on to a filter, and the 
filtrate on cooling gave a fine white deposit of dihydroxystearic acid. This 
process was repeated two or three times until the ethereal extract failed to 
deposit any more hydroxy-acid. The ethereal filtrates were then concentrated 
to about 100cc., when, on cooling, a further crop of dihydroxy-acid was 
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obtained. On concentrating the ethereal extracts to dryness, the residue was 
usually a thick dark-brown oil from which nothing of value could be obtained. 
The ether-insoluble residue was then boiled out with 2 litres of water; the 
hot filtered extract deposited sativic acid in fine white crystals. These were 
filtered off and dried in an air-oven at 100°. The process was repeated as long 
as any sativic acid crystallised out on cooling the filtrate. If any residue, 
insoluble in boiling water, remained, it was found usually to consist of a little 
dihydroxy-acid which had escaped extraction by the ether. The petroleum- 
soluble acids from the cold permanganate oxidation usually amounted to 
about 60 % of the weight of the mixed acids taken. The oxidation of the un- 
saturated acids is never complete since the petroleum-soluble acids have an 
iodine value of 25-45 according to the conditions of the experiment. If the 
original mixed liver acids are subjected to a separation by the lead soap- 
ether process the unsaturated acids obtained form about 50 % of the whole 
and their iodine value is in the neighbourhood of 170. This shows that acids 
more unsaturated than linoleic acid must be present, and this can be confirmed 
by the preparation of polybromides which are insoluble in almost all organic 
solvents. 
FURTHER OXIDATION OF THE HYDROXYLATED ACIDS. 

The dihydroxy- and tetrahydroxy-stearic acids were next oxidised separ- 
ately by the method of Armstrong and Hilditch [1925] as previously described. 

A. Dihydroxystearic acid. This acid after recrystallisation from ethyl 
acetate or 70 % aqueous alcohol was a white crystalline solid m.p. 131-2°. 

0-2226 g. required for neutralisation 7-05 cc. N/10 NaOH. 

Equivalent wt. 315-9. 

Calculated for C,,H,,0, (OH), 316. 

20 g. of this substance after oxidation yielded 6-9 g. of acid volatile in 
steam and soluble in ether. This, after drying over calcium chloride, was dis- 
tilled from a small flask heated in an oil-bath. Owing to the presence of a 
small amount of water the temperature of the distillate rose slowly to 100°; 
when all the water had distilled over, the temperature rose immediately to 
235° at which point distillation again commenced and continued steadily up 
to 249°. The whole of the volatile acid distilled between these temperatures. 
The following fractions were collected: 


No. Temperature Wt. g. Equivalent wt. 
1 235° 1-25 168-5 
2 235-245° 1-73 167-4 
3 245-249° 1-79 161-0 
Residue 1-26 g. ‘ 
Equivalent wt. data Equivalent 
Fraction (1) 0-1700 g. required for neutralisation 10-08 cc. N/10 NaOH 168-5 
» (2) 0-1850 ‘ se 11-05 ce. N/10 NaOH 167-4 
» (3) 0-1963 ‘ ‘ 12-20 cc. N/10 NaOH 161-0 
Equivalent wt. B.P. 
Theoretical for pelargonic acid C,H,,0, 158 253° 


Theoretical for caproic acid C,H,,0, 116 203° 








1334 K. TURNER 


The acid amides were prepared by the method of Aschan [1898] from 
fractions (1) and (2) combined and from fraction (3). They melted at 93° and 
94° respectively. Pelargonamide melts at 93-94°. 

0-1744 g. amide from fractions (1) and (2) gave 11-2 cc. N/10 NH, (Kjeldahl). 
N=90%. 
0-4480 g. amide from fraction (3) gave 29-40 cc. N/10 NH, (Kjeldahl). 
N = 9-2 %. 
Calculated for pelargonamide C,H,,ON = 8-9 % N. 
‘ caproamide C,H,,0N = 12-17 %N. 
All three fractions therefore consisted of pelargonic acid and there was no 
evidence whatever of the presence of caproic acid. 

After removal of the volatile acids from the oxidation products by steam 
distillation, the solid residue, insoluble in water, consisted of unchanged 
dihydroxy-acid mixed with the non-volatile dibasic acid formed simultaneously 
with the volatile pelargonic acid in the oxidation. This residue was boiled with 
about 500 cc. of petroleum, in which dihydroxystearic acid is insoluble but 
which dissolves azelaic acid to a small extent when boiling. The extract was 
filtered hot and, on cooling, a small amount of a white crystalline solid separ- 
ated out. This was recrystallised from hot water and had m.p. 104°. 

0-1556 g. required 16-30 cc. N/10 NaOH for neutralisation. 

Equivalent wt. = 95-4. 

Azelaic acid C,H,, (COOH), has equivalent wt. 94 and m.p. 106°. 

Hence the dihydroxystearic acid from sheep-liver oleic acid yields, on oxidation 
with permanganate, a mixture of pelargonic and azelaic acids and must itself 
have arisen from A®>?°-oleic acid. 

B. Tetrahydroxystearic or sativic acid. Hartley [1909] found that the tetra- 
hydroxystearic acid obtained by oxidation of pig-liver fatty acids was not a 
single substance but that it could be resolved into several fractions having 
different melting-points and solubilities in water. The same behaviour was 
observed with the sativic acid from sheep-liver. On boiling out the crude acids 
with successive volumes of water, it was found that the first fractions always 
gave an acid which melted at about 155°, and that the successive fractions had 
increasingly higher melting-points until a limit of 171-173° was reached. The 
earlier fractions also were more soluble in water than those with the higher 
melting-point. Unfortunately the quantities of the lower melting form were 
insufficient (about 3 g.) for a further oxidation, and it is therefore impossible 
to state whether the two or more sativic acids which are present are derived 
from geometrical isomerides of the same linoleic acid, or whether they corre- 
spond to linoleic acids in which the double linkages are situated in different 
positions in the molecule. 6 g. of the sativic acid (M.p. 171° uncorr.) were 
oxidised in a similar manner .to the dihydroxystearic acid with powdered 
potassium permanganate in acetone. The volatile acids were extracted from 
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the steam distillate with ether, and after drying over calcium chloride the 
ether was removed and the acid amide prepared. It melted at 99°. 

0-2420 g. of amide gave 22-15 cc. N/10 NH, (Kjeldahl). 

N = 12:8 %. 

Calculated for caproamide 12-17 %. 

The dibasic acid is the same as that obtained from the dihydroxystearic acid, 
namely azelaic acid. The production of caproic acid and azelaic acid in the 
oxidation suggests that the double bonds in the original molecules of linoleic 
acid occupy the A%1°- and A?,1%-positions. This is the most commonly- 
occurring form of linoleic acid. 

Octabromoarachidic acid. A polybromide was prepared from the mixed 
sheep-liver acids by bromination in ice-cold glacial acetic acid. The white 
insoluble bromide was filtered through a Jena glass crucible and thoroughly 
washed with cold ether. 

0-1570 g. of bromide gave 0-2462 g. AgBr. 
Br = 66-73 %. 
The bromide was then extracted thoroughly with boiling benzene, followed by 
boiling ethyl acetate. 
0-1913 g. of purified bromide gave 0-3596 g. AgBr. 
Br = 67-06 %. 
C.9H3.0,Br, requires 67-77 % Br. 


The compound was therefore octabromoarachidic acid. The low solubility of 
this substance in all organic solvents makes its absolute purification a task of 
great difficulty. The formation of this bromide is evidence of the presence of 
arachidonic acid C,,H,.0, in the mixed acids from the sheep-liver. 


SUMMARY. 


An investigation has been carried out on the fatty acids obtained from the 
liver of the sheep. 

When the ethyl esters prepared from these fatty acids are oxidised by the 
method of Armstrong and Hilditch [1925] a mixture of pelargonic and caproic 
acids is obtained. Oxidation of the mixed fatty acids with hydrogen peroxide 
according to the method described by Hilditch [1926] gives rise to dihydroxy- 
stearic acid but not to tetrahydroxystearic acid. Dilute alkaline permanganate, 
however, produces a mixture of both these acids. 

The oleic acid present in sheep-liver fat has been identified as the A®-1°- 
modification. Linoleic acid and arachidonic acid are also present, but there 
is no evidence of a linolenic acid. 


This work was carried out under the direction of Prof. J. B. Leathes, to 
whom I am greatly indebted for much valuable advice. 





K TURNER 
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IN a recent paper Vogel and Pictet [1928] described a synthesis of raffinose by 
heating sucrose with galactose in equimolecular quantities at 160-165° and 
13-15 mm. The synthesis of raffinose from sucrose and galactose may also 
be effected at ordinary temperatures in the presence of an enzyme. My own 
investigations, made ten years ago but hitherto unpublished, gave several 
indications of the occurrence of such a synthesis. 

According to Neuberg [1906] emulsin converts raffinose into sucrose 
and galactose. This reaction is very specific for raffinose and may be applied 
for the detection of this trisaccharide even in the presence of large amounts 
of sucrose [Neuberg and Marx, 1906]. Neuberg has shown that the hydrolysis 
of raffinose in aqueous solution is not complete, an equilibrium being set up, 
and this suggests the occurrence of a reverse reaction, the condensation of 
sucrose and galactose to form raffinose. 

We used in our experiments Kahlbaum’s preparations of galactose and 
raffinose, and Merck’s emulsin and sucrose. Toluene was added to all the 
experimental solutions, and at the end of experiments they were quite sterile. 
The rate of hydrolysis was determined by the Lippich-Landolt polarimeter 
and by Bertrand’s method. The samples were pipetted into the measuring 
flasks and weighed. The enzyme action was stopped by the addition of 1 cc. 
2% sodium carbonate solution and the solutions were diluted with water 
up to the mark. The rate of hydrolysis of raffinose by emulsin under the 
experimental conditions was very slow and even after 3 months the reaction 
had not reached an end. The differences in the initial values of rotation de- 
pend probably on the rotation of aqueous solutions of the emulsin, which 
in my experiments showed an [a]p of 35-0°. This rotation is abolished in boiled 
solutions of emulsin. 

Exp. 1. Raffinose 5-89 g., emulsin 0-1 g., water to 50 cc., toluene 0-4 cc. 
Room temperature. 


Duration of Rotation Reducing sugar 
experiment -s M*€#?——_ in 50 ce. 
(days) Observed [a]p 
+ 101-97° 
101-29 
100-19 
99-85 
97-94 
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The amount of reducing sugar in 50 cc. at the completion of hydrolysis 
would be’2-104 g. Consequently the hydrolysis after 40 days has reached only 
one-half of the possible value. In a control experiment with boiled enzyme 
hydrolysis is not observed. 

In the following experiment the duration of hydrolysis was 80 days at 
35° and the content of reducing sugar at the end amounted to 84 % of the 
possible theoretical value. 

Exp. 2. Raffinose 11-78 g., emulsin 0-04 g., water to 25 cc., toluene 0-2 cc. 
Temperature 35°. 


Duration of Rotation Reducing sugar 
experiment a in 50 ce. 
(days) Observed [a] (g-) 
0 + 6-81° + 102-20° 0 
79 4-71 70-58 3-550 


Our first experiments to show the existence of a reverse reaction gave 
negative results as is shown by Exp. 3. 
Exp. 3. Sucrose 13-1308 g., galactose 6-9 g., onan 0-1 g., water to 
100 cc., toluene 0-8 cc. Temperature 35°. 
Duration of Rotation Galactose in 
experiment ———— one sample 
(days) Observed [a]p (mg.) 
0 + 4-64° + 69-68° 55-2 
7 4-60 69-64 55-4 
15 4-67 70-04 55-6 
46 4-69 70-41 54-6 
60 4-66 69-92 55-2 
These negative results which were constantly obtained in aqueous solutions 
obliged me to seek the solution of the problem in the use of a non-aqueous 
medium. This ought to satisfy three conditions: (1) to dissolve the galactose 
and sucrose readily, (2) to be indifferent towards these sugars, and (3) not to 
inactivate the emulsin. According to Bourquelot [1913] these conditions are 
satisfied by acetone in 80 % solution in water. Emulsin is insoluble in acetone 
and the experimental solutions must be shaken at intervals. The solubility 
of galactose in acetone is relatively small (about 17 %) and in our first experi- 
ments we prepared saturated solutions of this sugar in acetone and after 
filtration added the sucrose. The experiments were made only in one direction, 
from galactose and sucrose towards raffinose. The results obtained indicate 
the possible presence of a synthetic reaction. 
Exp. 4. Saturated solution of galactose in 80 % acetone 50 cc., sucrose 
2-94 g., emulsin 0-23 g. Temperature 35°. 
Days from 
beginning ap 
0 + 8-64° 
78 10-58 
Exp. 5. Sucrose 3 g., galactose 1-5 g., 80% acetone 100 cc., emulsin 
0-2 g. The solution was boiled. Temperature 35°. 
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Days from 
beginning ap 
0 + 5-70° 
47 5:57 
Exp. 6. Saturated solution of galactose in acetone 100 cc., sucrose 5-87 g., 
emulsin 0-2 g., 80 % acetone to 200 cc. Temperature 35°. 
Days from 
beginning ap 
0 + 4-68° 
108 5-27 
Exp. 7. Galactose 3 g., sucrose 6 g., emulsin 0-5 g., 80% acetone to 
200 cc. Temperature 35°. 


Days from 
beginning ap 
0 + 5-53° 
100 5-97 

In order to show that the increase of rotation is due to the synthetic action 
of emulsin, 50 cc. of solution from Exp. 6 were evaporated in vacuo. The 
residue was dissolved in water and 0-2 g. of emulsin added. After 3 months 
the rotation changed from + 5-57° to + 5-12° and the copper-reducing power 
increased from 0-2975 g. to 0-3885 g. (calculated for galactose). 

For the preparation of the synthetic product in more or less pure form 
we made the following experiment. Galactose and sucrose were dissolved in 
equimolecular proportions (17-9712 g. of galactose and 34-1765 g. of sucrose) 
in 1000 cc. of 80 % acetone. 1 g. of emulsin was added and the mixture was 
placed in a thermostat at 35° for 5 months. The rotation changed from + 5-40° 
to + 5-68°. The acetone was distilled off in vacuo, and the solution was con- 
centrated by evaporation to the consistency of a dense syrup and extracted 
by boiling 96 % ethyl alcohol. After a few days large crystals of sucrose and 
crystalline aggregates of galactose separated from the alcoholic solution. The 
mother liquor was evaporated and the residue again extracted by alcohol. After 
a new crystallisation of sucrose and galactose the mother liquor was decanted 
and after standing for some time deposited small crystals. These crystals were 
washed by alcohol and dried. 0-4117 g. was dissolved in 25 cc. of water and 
after 24 hours gave, in a 2dm. tube, a rotation ap = + 3-15°, corresponding to 
the specific rotation [a], = + 95-66°. (For raffinose [a]) = 4- 104°, for galac- 
tose + 81° and for sucrose + 66-5°.) To this solution emulsin was added. The 
rotation changed to + 2-81° and after 10 days decreased to ap = + 2-34. These 
results give us the right to conclude that the action of emulsin on a solution 
of galactose and sucrose in 80% acetone produces a compound with the 
properties of raffinose. 
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INTRODUCTION. 


THE experiments described in Part I of this series [Przytecki, 1928, 1930], 
dealing with the relative activity of variously purified preparations of uricase 
and with the action of inhibitory substances, led, except in the case of 
glycerol-chloroform extracts, to results inconsistent with enzyme action, but 
consistent with bacterial decomposition. The presence of bacteria has now 
been demonstrated, these bacteria have been identified, and certain of their 
conditions of viability have been investigated, with a view to a critical appli- 
cation of the observations to the results described in Part I and to those of 
earlier workers in this field. 


EXPERIMENTAL, 


1. Bacterial content of various preparations of uricase. 


The following preparations of uricase, described in Part I of this series, 
were examined microscopically for the presence of bacteria: glycerol-chloro- 
form extracts of ox-kidney, of chicken and of human liver, filtered extracts 
of air-dried precipitate obtained by adding to these extracts a double volume 
of acetone, or of acetone-alcohol mixture, and dialysates of these extracts, 
dialysis lasting in some cases one, in others two weeks, in the presence of 
excess of thymol. In addition to this, extracts prepared by treating kidney 
tissue by the method of Felix, Scheel, and Schuler [1929], whereby 0-005N 
disodium phosphate in 50 % glycerol is used for extraction, were examined, 
as well as dialysates of such extracts. The preparations in question were 
examined microscopically (Zeiss objective No. 7) after fixing on a slide and 
staining with methylene blue or methyl violet. 

With the exception of fresh glycerol-chloroform extracts and of Felix’s 
50% glycerol extract, bacteria were found in every case and were most 
numerous in the dialysates. 

The bacteria were in most cases scattered in pairs over the field of vision; 
in the case of dialysates they appeared often in large, agglutinated masses. 
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The microscopic appearance of the bacteria found in all the above prepara- 
tions, as well as in solutions of uric acid left exposed to the air, was on the 
whole identical. These bacteria multiplied rapidly at room temperature in 
all the ordinarily used culture media; in particular, abundant growth was 
obtained even in the presence of excess thymol in solutions buffered to py 7-5 
using McIlvaine’s phosphate-citrate buffers and containing urea or uric acid. 

Dr Brill, of the Bacteriological Institute, Faculty of Veterinary Medicine, 
who very kindly undertook the identification of the micro-organisms in 
question, found that B. mesentericus, B. faecalis alkaligenes and B. proteus 
vulgaris were present in such cultures. 

In addition to these organisms, the author of this paper isolated from 
certain cultures in which a green coloration had appeared other bacteria 
which were motile, aerobic, non-spore-forming, Gram-negative, and liquefied 
gelatin, coagulated milk and did not ferment glucose. These reactions in 
every respect correspond to those of B. liquefaciens fluorescens, which has, 
moreover, been mentioned by Czapek [1920] as being capable of decomposing 
uric acid. 

An examination of the influence of the py of solutions on the rate of 
multiplication of these bacteria, performed by adding 1 cc. of a suspension 
of such bacteria to a number of flasks containing 40 cc. uric acid solution and 
buffered to various p,, values from 4-7 to 9-2, and incubating for 48 hrs. at room 
temperature, showed that growth did not occur below py, 6, and that maximum 
growth was obtained at py, 7-4-8-4. The turbidity of the solutions also serves 
to a certain extent as a rough index of the intensity of multiplication of the 
bacteria, those solutions which remain clear usually containing few or no 
bacteria. 

Glycerol-chloroform extracts remained sterile as long as the chloroform 
had not evaporated. When the solutions used, as well as the flasks, cotton- 
wool stoppers, etc., were previously sterilised in an autoclave, bacteria did 
not appear even after 2 weeks, provided that the flasks were not opened; 
when samples of the solution had been taken, bacterial growth in many cases 
took place. In the case of Felix’s 50 % glycerol extract, profuse bacterial 
growth commenced on dilution of the extract with uric acid solution; appa- 
rently in this case the bacteria present were able to resume growth at concen- 
trations of less than 25 % of glycerol. 


2. Action of bacteria on uric acid. 


The uricolytic action of the bacteria usually present in uricase extracts 
and dialysates was examined by infecting solutions of uric acid buffered to 
Py 7-4 (McIlvaine’s phosphate-citrate buffers) with a few drops of the given 
culture. Energetic decomposition of uric acid took place at room tempera- 
ture; thus, in one case, the uric acid content of 20 cc. of solution fell after 
24 hrs. at 15° from 13 to 8-5 mg. in the presence of crystalline thymol, and to 
5-4 mg. in its absence. 
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3. Action of antiseptics on growth of bacteria and on their 
uricolytic action. 


In the presence of excess toluene or chloroform both the growth of bacteria 
and their action on uric acid is completely inhibited. Thymol, as has been 
shown, has only to a certain extent an inhibitive effect on bacterial growth. 
Methyl alcohol has an inhibitive effect only at relatively high concentrations, 
and even when the concentration of alcohol is initially sufficient to inhibit 
the development of bacteria, and hence to prevent bacterial uricolysis, growth 
is resumed when sufficient alcohol has evaporated. 

The experiments with methyl alcohol were carried out in the following 
way. 1 cc. of a suspension of bacteria was added to each of a series of flasks 
containing 10 cc. of lithium urate solution and 10 cc. of McIlvaine’s phosphate- 
citrate buffer at p,, 7-5. Methyl alcohol was then added to the flasks in such 
quantity as to obtain a gradation of 1-10 % alcohol. The uric acid content 
of all flasks was examined after 48 hrs. at 16°. The entire uric acid present 
(9-5 mg.) had been destroyed at concentrations of 0, 1, 2, 3, 4, 5 and 6 %; 

t 7, 8, 9 and 10 % methyl alcohol the entire original content of uric acid 
remained intact. A microscopic examination of the solutions showed that the 
bacterial content is roughly the same in 0, 1, 2 and 3 % methyl alcohol; with 
4 % alcohol the bacteria appear in long chains and in much smaller quantity, 
whilst in 6 % alcohol not more than 20 bacteria can be seen in the field of 


vision (Zeiss No. 7 obj.), as compared to several hundred in the absence of 
alcohol. In spite of their relatively small number, these bacteria had been 
able at 16° to destroy 9-5 mg. of uric acid in 48 hrs., so that it would appear 
that methyl alcohol, whilst depressing the rate of multiplication of the bacteria 
in question, to a certain extent stimulates their uricolytic activity, as on 
other occasions much denser cultures had not within a similar time been able 


to destroy an equal quantity of uric acid. 

After the lapse of several days, bacteria also developed in those flasks 
containing originally 7 and 8 % of methyl alcohol; this retarded development 
can be ascribed to evaporation of methyl alcohol to below the limiting in- 
hibitory concentration. 

The above study of ordinarily used disinfectants shows that only toluene 
and chloroform are suitable for the purpose; should, however, these agents 
have been removed by evaporation, re-infection readily takes place should 
aseptic conditions not be observed. 


4, Action of bacteria killed by toluene. 


Quastel and Wooldridge [1927] have shown that B. coli, killed by toluene 
or by other reagents, is still able to catalyse various oxidation reactions. In 
order to exclude the possibility that the action of uricase preparations in the 
presence of toluene or of chloroform is due to this agency, 20 cc. of an active, 
young culture of uricolytic bacteria, grown on a uric acid medium in which 
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mere traces of uric acid remained, were added to 100 cc. of uric acid solution, 
the final initial concentration being 0-46 mg./cc., and the system was shaken 
at 37° in the presence of 4 cc. of toluene during 6-5 hrs., after which the uric 
acid content was compared with that of other systems of the same composi- 
tion, except that water had been added in place of the bacterial suspension. 
The uric acid content was the same in all cases, showing that bacteria are 
not able in these conditions to destroy uric acid. No difference in the uric 
acid content of the above systems was observed after they had been allowed 
to stand for a further 42 hrs. at 16°. 


5. Influence of freshness of tissues taken. 


Battelli and Stern [1909] in their important paper upon uricase state that 
fresh organs contain some substance which inhibits the action of uricase, and 
which rapidly disappears after the death of the animal from which the tissue 
in question is taken. They state, further, that this inhibiting substance is also 
removed by treating the tissue in the following way: 1 vol. of minced tissue 
is left for 5 mins. with 3 vols. of alcohol, which is then filtered off, the residue is 
extracted with 3-4 vols. of ether, which is also removed after 2 mins., and the 
residue is dried first with filter-paper and then for 24 hrs. in the air. Since it 
appeared to the author of this paper that the apparent activation of the 
catalyst might in both cases be due rather to development of bacteria, both 
of those initially present as saprophytes and of air-borne bacteria, such as 
have been identified above, the following experiment was performed. 

The liver was removed from a dog under chloralose narcosis and was 
immediately passed through a previously boiled mincing-machine. Portions 
of the hash (10 g.) were left in open 100 cc. flasks for 0, 2, 4, 6 and 28 hrs.; 
at the end of each period the hash was shaken for 3 mins. with 20 cc. of water, 
the suspension was filtered through cotton-wool, and 1 cc. was added to 
20 cc. portions of uric acid solution (containing 7-1 mg.), previously sterilised 
in an autoclave at 120° for 1 hr. The uric acid content and the bacterial flora 
of all flasks were examined after the lapse of 48, 72 and 100 hrs. at 16°, no 
flask being opened more than once. In none of the flasks had any decompo- 
sition of uric acid taken place at 48 and 72 hrs.; after 100 hrs. the uric acid 
content of the flask to which an extract of tissue had immediately been added 
was still the same as that of the control flasks. Where the mince had been 
left 2 hrs. no uric acid remained, and microscopic examination revealed the 
presence of dense masses of strepto- and diplo-cocci; the result for tissue left 
28 hrs. was substantially the same. When it had stood for 4 and 6 hrs. before 
extraction, 4-4 and 4-1 mg. of uric acid remained respectively. In all cases 
bacteria were present. 

These results to a certain extent confirm our supposition that the apparent 
activation of tissue uricase after death may be due rather to the development 
of bacteria than to the destruction of some hypothetical inhibitor. 
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6. Action of sterile uricolytic preparations. 

Whilst the presence of bacteria in a uricolytic preparation does not neces- 
sarily prove that the decomposition of uric acid observed in its presence is 
due solely to bacterial action, yet results obtained on such material can be of 
little service for the elucidation of problems connected with the mechanism 
of biological oxidation of uric acid, as it is not possible quantitatively to dis- 
tinguish between that part of the uric acid decomposed by micro-organisms, 
and that oxidised by the enzyme in question. For this reason it is of im- 
portance to find such tissue preparations as are able to destroy uric acid under 
sterile conditions, or in which the bacterial factor can, at least, be reduced 
to a negligible minimum. 

The requisite conditions of sterility can be attained by the use of chloro- 
form or toluene as antiseptics, or by the use of sterile tissues for the purpose. 


(a) Action of aseptically removed dog’s tissues}. 

The liver and kidneys were removed from a dog under chloralose narcosis, 
with the use of every precaution to assure asepsis. The organs in question 
were immediately passed through previously sterilised mincing-machines into 
tared flasks containing a known quantity of sterile 0-138 °% uric acid solution, 
and the quantity of tissue entering was weighed. In the case of liver, 55 g. 
of tissue had been added to 200 cc. of uric acid solution, containing 1-38 mg./ce. 
Since the average water content of dog’s liver is about 75 %, it follows that 
an extra 40 cc. of water had been added to the uric acid solution, bringing 
the concentration to 1-15 mg./ec. The concentration of uric acid on the 
following day was 0-76 mg./cc. and the same value was found after leaving for 
72 and 120 hrs. at 16°. No bacteria were detected by microscopical examina- 
tion of smears, even after 120 hrs. Similar results were obtained with kidney 
tissue, the exception here being that bacteria appeared on the fifth day. On 
the same day the uric acid content of the solution fell from 0-7 to 0-61 mg./cc. 

Under the given conditions, therefore, the only reaction appears to have 
been one of adsorption, completed in 24 hrs., since in the absence of bacteria, 
no further removal of uric acid from solution appeared to take place. Quite 
different results were obtained at 38° with shaking. 

Minced liver, removed aseptically, as before, from a dog, was shaken with 
sterilised uric acid solution. Since 152 g. of mince were taken to 300 cc. of 
0-127 % uric acid solution, the volume of the solution had been augmented 
approximately by 114 cc. and the concentration of uric acid had thus fallen to 
0-96 mg./cc. The suspension, after standing for 4 hrs., was shaken and filtered 
through cotton-wool, and 40 cc. of filtrate were placed in each of a series of 
flasks. Of these, two were shaken for 6 hrs. and two were allowed to stand 
at 38°, whilst two were left at 16°. At the end of this time all flasks were 
examined for bacteria, and their uric acid content was determined, after 


1 The author has great pleasure in acknowledging his gratitude to Dr H. Gnoirski, for his 
kindness in performing the operations described in this section. 
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coagulation of proteins by adding acetic acid and heating for 3 mins. at 100°. 
The uric acid content of the shaken flasks was now 0-07 mg./cc., that of those 
left without shaking at 38° was 0-39 mg./cc., whilst at 16° it was 0-915 mg./cc. 
As the original calculated value was 0-96 mg./cc., it follows that with shaking 
at 38°, 0-79 mg./cc., or a total of 31-6 mg. had been oxidised, at 38° without 
shaking 12-8 mg., and at 16° 1-8 mg. Microscopic examination showed the 
presence of numerous strongly staining but somewhat irregular objects to a 
certain extent resembling bacteria in the shaken flasks, fewer in those left 
at 38°, and none in those left at 16°. 

In order to determine whether these bodies were bacteria or merely cell- 
debris, and whether, should they be bacteria, they were capable of destroying 
the amount of uric acid in question, the following experiment was performed. 
Four flasks containing 1 cc. of the suspension from the flasks shaken at 38° 
and 20 ce. of 0-127 % uric acid solution were prepared. Of these, two were 
shaken for 6 hrs. whilst two stood for 6 hrs. at 38°; in addition, two flasks 
containing 20 cc. of the same uric acid solution and 1 cc. of water were left 
at 38°—these served as controls. The final uric acid concentration in the 
shaken flasks was 0-915 mg./cc. and that in the flasks left at 38° was 1-05. 
This would represent a total of 7-1 mg. oxidised with shaking and 4-4 without, 
showing that bacteria can in the given case be responsible for only a fraction 
of the decomposition observed. 

The acceleration of reaction due to shaking, nearly three times as much 


uric acid being oxidised, points to the probability that the uricolytic agent 
present is in the form of a suspension. This question will be further treated 
in the following part of this series. 


(b) Action of tissues in the presence of toluene. 


Four flasks were taken, containing 5 g. of dog’s liver (minced), 30 cc. of 
0-121 % uric acid solution, and 4 cc. of toluene. Two flasks were shaken and 
two stood for 4 hrs. at 38°, after which their uric acid content was compared 
with that of solutions of corresponding strength (30 cc. uric acid solution, 
3-75 cc. water). No uric acid remained in the two flasks which had been 
shaken, whilst the concentration in the second pair of flasks was 0-98 mg./cc., 
as compared with 1-07 mg./cc. in the control flasks. 

In this experiment the effect of shaking was much greater than in the 
previous one, performed on a fine suspension of cell fragments, in place of 
the relatively large pieces of tissue taken here. At the same time it is evident 
that toluene does not inhibit uricolysis. 


(c) Felix’s glycerol extract and its dialysate. 

This glycerol extract [Felix et al. 1929], whichis a suspension of cell-fragments 
in a viscous medium (50 % glycerol), similarly retains its activity in the presence 
of toluene. These authors do not give complete directions for the preparation 
of the extract; that used in these experiments was prepared as follows. 300 g. 


Biochem. 1930 xx1v 85 








1346 R. TRUSZKOWSKI 





of hashed ox kidney was left with occasional shaking for 3 days with a solution 
containing 500 cc. glycerol, 500 cc. water, and 25 cc. of 2 M disodium hydrogen 
phosphate, and the supernatant suspension was then passed through cotton- 
wool. 10 cc. of the filtrate was left for 96 hrs. at 16° with 20 cc. of uric acid 
solution, and the final uric acid content was compared with that of other 
similar systems to which 4 cc. of toluene had been added and with that of 
control systems to which water had been added in place of extract—toluene 
was also added to the control flasks. The results, given in Table I, show that 
the activity of the extract is unaffected by the presence of toluene, and that 
the extract, on keeping, undergoes gradual loss of activity. 


Table I. Action of Felix’s extract. 


Uric acid content in mg. 


a re 
after 48 hrs. with extract after 96 hrs. with extract 
cr —————_-—_r 
with without : with without 
Date of exp. in control toluene toluene toluene toluene 
1. iv. 30 24-0 — — 6-0 6-0 
29. iv. 30 18-0 15-75 15°75 10-95 10-95 


Thus the fresh extract destroys 18 mg. of uric acid in 96 hrs., whilst a 
28 days’ old extract destroys only 7-05 mg. in the same time. 

It follows that the activity of Felix’s extract is not due to bacteria, which 
may, however, be present. These are not, apparently, in the given case 
possessed of uricolytic activity. 

Felix et al. state that, on dialysis of their extract, both the dialysate and 
the residue are active. The above extract (400 cc.) was placed in Schleicher- 
Schiill dialysing membranes, which were immersed in 150 cc. of McIlvaine 
buffer solution at py 7-5, and toluene was added, so as to cover both the 
solution in the dialysers and the dialysate. The dialysate and the residue were 
taken after 4 days, and their uricolytic activity was tested as usual. After 
leaving 10 cc. of these preparations for 72 hrs. at 17° with 20 cc. of uric acid 
solution at py 8-5, the final uric acid content of the solutions to which the 
residue had been added was 5-7 mg., that to which dialysate had been added 
was 15-9 mg., whilst the control flasks contained 23-1 mg. of uric acid. Both 
the former systems, however, exhibited profuse bacterial growth (chiefly 
B. fluor. liq.), and this in spite of the presence of toluene during dialysis and 
at the beginning of the reaction. 

This effect is possibly due to the absence of toluene from the lower layers 
of liquid in the dialyser, as a result of which bacteria remained living, and 
able, on removal of toluene by evaporation, to resume normal growth. 

The above experiment was next repeated in the presence of excess toluene 
in certain of the reaction flasks, so as to exclude the possibility of growth of 
bacteria during the reaction. After leaving 20 cc. of dialysate with 20 cc. of 
‘ uric acid solution for 43 hrs. at 20°, the uric acid contents of the control flasks 
and of those to which 4 cc. of toluene had been added were identical, viz. 
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18-8 mg., whilst where toluene had not been added only 17-4 mg. remained, 
and microscopic examination revealed the presence of bacteria. 

It would thus appear that dialysates of Felix’s glycerol extract owe their 
uricolytic action to bacteria, and not to uricase. 

Przytecki’s glycerol-chloroform extract (cf. Parts I and III of this series) 
was also found to be active in sterile solutions. It follows that uricolysis is 
not inhibited by the action of chloroform. 


Discussion. 


The results described show that, with the exception of systems containing 
chloroform or toluene, or of aseptically taken tissues, all the preparations 
examined contain bacteria, which also very often appear in originally sterile 
solutions, unless special precautions are taken to ensure sterility. It follows 
from this that not only are many of the conclusions drawn in Part I of this 
series invalid, but also that much previous work on uricolysis cannot, unless 
these precautions had been taken, be accepted without question. 

Thus Battelli and Stern [1909], who measured oxidation of uric acid by 
production of carbon dioxide, considered that some inhibitory substance is 
present in fresh but not in old or ether-extracted tissue; as has been shown 
in this paper this factor may have been merely enhanced bacterial action. 
These workers did not apparently use any antiseptic in their experiments, so 
that no hindrance existed to free bacterial growth. Wiechowski and Wiener 
[1907] used dried, toluene-extracted tissue-powders in their experiments; in 
this case, the probable point of entry of bacteria was during the process of 
drying. In most of these workers’ experiments thymol was used as the anti- 
septic; this, as has been shown, gives no guarantee of sterility. Wiechowski 
and Wiener found that dialysis of suspensions of tissue enhanced their activity ; 
this effect we would ascribe to growth of bacteria during dialysis. The obser- 
vation that uricase preparations gradually became more acid would also 
appear to indicate bacterial action. These workers, however, found that excess 
toluene or chloroform did not inhibit the uricolytic action of the tissue powders 
used. A further observation indicative of bacterial growth was that tissue 
powders, if left for a long time with thymol in 0-05 % sodium carbonate 
solution, gradually gave up their uricase to the solution; thus, after 5 days’ 
dialysis of dog’s liver in 0-05 % sodium carbonate solution, an extremely 
active extract is obtained; according to Wiechowski, thymol retarded extrac- 
tion, chloroform prevented it, whilst sodium carbonate accelerated this pro- 
cess. These observations are all indicative of the growth of uricolytic bacteria, 
the optimum reaction for the growth of which is in the alkaline region, whilst 
the respectively retarding and inhibiting actions of thymol and of chloroform 
may be due to their antiseptic action. 

Felix’s glycerol extract is of the nature of a suspension, and the same 
applies to Przytecki’s glycerol-chloroform extract. Felix’s dialysate is inactive 
except in so far as it contains bacteria, as is also the case with Przytecki’s 
acetone precipitate extracts and dialysates. 
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The results described in this paper, as well as a review of those obtained 
by previous workers in this field, suggest that uricase is a contact catalyst, 
acting exclusively as solid, as opposed to dissolved matter. The next part of 
this series will be devoted to a closer study of its properties as a contact 


catalyst. 
SUMMARY. 


1. Various preparations of “soluble uricase” extracts and dialysates have 
been shown to contain the following bacteria: B. proteus vulgaris, B. mesen- 
tericus, B. faecalis alkaligenes and B. fluorescens liquefaciens. 

2. These bacteria can survive, multiply, and destroy uric acid at room 
temperature in the presence of excess thymol or of 6 ° methyl alcohol; their 
growth and action are completely inhibited by chloroform and by toluene. 

3. These bacteria do not multiply below py 6 or above py 9; optimum 
growth and uric acid consumption is obtained at py 7-4-8-4. 

4. One or more of the above strains develop spontaneously in solutions of 
uric acid left exposed to the air. R 

5. Bacteria killed by the addition of toluene have no uricolytic action. 

6. The number of bacteria present in minced tissues increases with time, 
as does the uricolytic action of a suspension of such tissues; this enhanced 
activity is possibly due to bacterial action, and not, as Battelli and Stern 
supposed, to the removal of an inhibitor. 

7. Dog’s liver and kidney, removed and minced under as far as possible 
aseptic conditions, decompose hardly any uric acid at 16° unless bacterial 
growth takes place. At 38°, however, 24 times as much uric acid is oxidised 
if the mixture is shaken as if it is allowed to stand, and 7 times as much in 
the latter case as on standing at 16°. 

8. This action is not due to bacteria, as analogous results are obtained 
in the presence of toluene or of chloroform. 

9. Bacteria develop in systems containing Felix’s 50 % glycerol extracts, 
the uricolytic power of which is, however, unimpaired by the addition of 
toluene; the action of this extract is due probably to suspended particles. 

10. Przytecki’s glycerol-chloroform extract is similarly active in sterile 
systems; in this case, too, the action of this extract is greatly accelerated by 
shaking, pointing to the macro-heterogeneous nature of the active factor. 


The author has great pleasure in expressing his gratitude to Professor St J. 
Przytecki for his advice and assistance in the prosecution of this research, and 
wishes also to thank Dr E. Sym and Dr L. Pietkiewicz for their assistance 
in the bacteriological part of this work. 
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CXLVII. URICASE AND ITS ACTION. 


III. COMPARISON WITH ACTIVATED CHARCOAL. 
CONTACT NATURE OF THE ACTION OF URICASE. 


By RICHARD TRUSZKOWSKI. 
From the Biochemical Laboratory, Faculty of Medicine, Warsaw University. 


(Received June 16th, 1930.) 


INTRODUCTION. 


Ir has been shown in Part II of this series that the uricolytic action of all 
uricase preparations studied is due exclusively to the presence of bacteria, 
with the exception of glycerol and glycerol-chloroform extracts of kidney or 
liver tissue, which were found under sterile conditions to activate the oxidation 
of uric acid. These glycerol-chloroform extracts were prepared by macerating 
500 g. of comminuted tissue with 50 cc. of chloroform, 150 cc. of glycerol, and 
500 cc. of water for 48 hrs., after which the volume was made up to 2 1. and 
the whole left for a further 24 hrs. The supernatant layer is yellowish-red in 
colour, and turbid; on prolonged standing partial sedimentation takes place. 
Such extracts give, on filtration through Berkefeld filters, inactive filtrates 
[Przytecki, 1928], whence it would follow that the uricolytic agent present is 
associated with the cell fragments in suspension. The active uricolytic agent 
partakes, therefore, of the nature of a contact catalyst, and comparative 
experiments with activated charcoal were for this reason performed, with the 
object of establishing this analogy. 

Uric acid solutions were prepared by the solution of uric acid in saturated 
lithium carbonate solution. Uric acid was in all cases determined by Folin’s 
colorimetric method; py was in most cases determined electrometrically, 
although in some cases Clark and Lubs’s colorimetric method was used. 
Parallel determinations using both methods gave substantially identical 
results. ’ 

All systems were kept at 15-18°. 


EXPERIMENTAL. 
1. Influence of hydrogen ton concentration on uricolysis. 
A. Uricase. 
To a series of 100 cc. Erlenmeyer flasks 20 cc. of buffer solution (McIlvaine’s 


disodium phosphate-citric acid buffers for py 5-7-8-0, and Serensen’s boric 
acid-sodium hydroxide buffers for py 7-7 upwards) were added; to one-third 
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of these flasks, which were to serve as controls, 10 cc. of water were added. 
A 0-1 % uric acid in lithium carbonate solution was placed in a flask fitted 
with a Kipp’s 10 cc. automatic pipette, and a similar pipette was fitted to an 
empty flask. All flasks after stopping with cotton-wool were sterilised in an 
autoclave at 120° for 1 hr. After the flasks had cooled, 10 cc. of uric acid 
were introduced into each flask, and 10 cc. of extract, from the sterilised flask 
with the Kipp pipette, into those flasks to which 10 cc. of water had not 
been previously added. The uric acid was sterilised separately in order to 
obviate the possibility of different spontaneous decomposition at different py. 
Systems so sterilised remained sterile for at least a week, if the flasks were 
not opened, as the chloroform present in the extract had practically entirely 
evaporated after 3-4 days, leaving no hindrance to bacterial infection. The 
uric acid content of the solutions was determined using Folin’s colorimetric 
method at 72 and 84 hrs.; in some cases at 48 and 114 hrs. In no case were 
the contents of any flask retained for examination after the flask had once 
been opened, as vigorous bacterial growth was found then to occur at certain 
Py Values. 

The above experiment was repeated on four different preparations of the 
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Fig. 1. Action of glycerol-chloroform extracts of ox kidney at py 5-7-10. Curves I, Ia. Exp. 1, 
72 and 84 hrs. Curves II, Ila. Exp. 2, 72 and 86 hrs. Curves III, IIIa. Exp. 3, 48 and 


72 hrs. Curves IV, [Va. Exp. 4, 72 and 144 hrs. 
extract, for py values of 5-7-12-2. It was not found possible to examine 
solutions the p,, of which was below 5-7, as uric acid crystallised out, whereby 
experimental conditions were completely changed. The results (Fig. 1) show 
that the general effect of increasing py, is to augment uricolysis. The reaction 
curves rise sharply at py 7-5 and attain a maximum at about py, 8, above 
which oxidation becomes less intense; on further alkalisation the oxidation 
curve in one case again rises. In solutions the py, of which exceeds 8 uricolysis 
takes place to a limited extent in the absence of the uricolytic suspension; 
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the extent of oxidation is in these, as in other cases, taken as the difference 
between the uric acid content of the control flask and that containing extract. 

Felix, Scheel and Schuler [1929] found that the action of pig-liver sus- 
pension on uric acid rises to py 8-9, then falls to 9-5, again rises to a second 
maximum at py 9-9, after which it again falls. In this case, too, the curve 
exhibits a break in the alkaline region. 


B. Activated charcoal. 


The action on uric acid solutions of animal charcoal, and of charcoals 
prepared and activated by a method similar to that of Warburg and Brefeld 
[1924], was investigated, with the object of comparing the action of these 
inorganic contact catalysts with that of kidney tissue suspensions. Active 
charcoal was prepared by igniting to a white heat a paste consisting of 2 g. 
of Bismarck brown and 0-5 cc. of saturated copper or ferrous sulphate solu- 
tion. The resultant mass was repeatedly extracted with boiling 2N hydro- 
chloric acid, until the extract no Jonger gave the reactions for copper or iron, 
and the product was then extracted with water until the extract no longer 
gave the reaction for chlorine ions. The charcoal was then again ignited to a 
dull red heat to drive off traces of hydrochloric acid. The uricolytic, and 
adsorptive power of this charcoal, and the effect on its action of addition of 
potassium cyanide, alcohols, or sodium pyrophosphate were studied, and 
finally the py curve was constructed as for uricase. The methods used were 
substantially the same as those described in the first part of this paper. 


(i) Adsorption of uric acid. 
Three flasks were prepared, each containing 30 cc. of uric acid in lithium 
carbonate solution. To 2 of these flasks 0-1 g. of iron-containing charcoal (this 
we shall in future designate as C-Fe) was added, one flask was shaken for 1 hr., 
the contents were filtered, and the uric acid content was determined in 1 cc. 
(0-62 mg.). The second flask was left for 1 hr. at 16° with 3 cc. of tsoamy] alcohol, 
and the uric acid content of the filtrate was determined (0-61 mg./cc.). That 
of the third flask, to which no charcoal had been added, was 0-615 mg./cc. 
The above preliminary experiment indicated that C-Fe does not to any de- 
monstrable extent adsorb uric acid at the py in question (8-1), but this did 
not exclude the possibility of adsorption taking place at other py values. 
Experiments at different p,, values were therefore carried out, the systems 
consisting of 10 cc. of uric acid solution, 20 cc. of buffer solution, and 0-1 g. of 
C-Fe. The buffers taken were MclIlvaine’s disodium hydrogen phosphate-citric 
acid buffers to py 8, and Sorensen’s glycine-sodium hydroxide buffers above 
Py 8. The systems were either shaken for 2 hrs. in closed flasks, or placed in 
cylinders through which a stream of nitrogen was passed for 2 hrs. In this 
way the disturbing effects of oxidation during this period were to a large 
extent excluded. 
With shaking, the uric acid content of all flasks, whether with or without 








1352 R. TRUSZKOWSKI 


C-Fe, was identical (10-5 mg.) after 2 hrs. at py values of 5-94, 6-95, 7-82, 
8-35, 9-35, 9-6 and 9-75. Where nitrogen was passed identical results were 
obtained (uric acid content in all cases 6-1 mg.; py values 5-94, 6-95, 7-8, 
8-10, 9-35, 9-6, and 9-8). 

Hence it follows that the charcoal in question does not adsorb uric acid 
at any pq between 6 and 10, and that the uricolytic action of this charcoal 
does not depend upon adsorption. 


(ii) Uricolytic action of C-Fe at different py, values. 

Systems consisting of 10 cc. of uric acid solution and 20 cc. of McIlvaine’s 
or Sorensen’s buffers were left for 8-48 hrs. at room temperature (16°) with or 
without 0-1 g. of C-Fe. They were then filtered, and uric acid was determined 
in the filtrate. It was noticed that uric acid crystallised out below py 5-9, 
so that results are given only for the range py 5-94—9-8. The results (Fig. 2) 
show that the uricolytic action of the charcoal used varies greatly according 
to the py of the solution, twice as much being oxidised at py 10 as at 6. As 
in the case of uricase, the oxidation curves rise sharply at py 7-5, and exhibit 
either a break or a halt, this, however, occurring between py 9 and 10, and 
not between 8 and 9, as for uricase. This effect is best seen in Exp. 4, Fig. 2 
as in other cases the final concentration of substrate was too low to give normal 
values for velocity of oxidation. 
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(iii) Action of alcohols. 

isoPropy] alcohol was added to a number of flasks each containing 0-1 g. 
of C-Fe and 30 cc. of lithium urate solution at py 8. In addition to these 
flasks, two flasks were prepared, one without alcohol but with charcoal, and 
the other without charcoal. The uric acid content of all flasks was determined 
after 24 hrs. at 16°. The results, given in Table I, show that 0-5 % alcohol 
exerts only a negligible inhibitive effect on oxidation, whilst at concentra- 
tions of 1, 1-5, 2, 3, 4 and 5 % inhibition amounts to 37 %; this figure is taken 
as the maximum possible inhibition attainable by the presence of limiting 
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concentrations of alcohol. Slightly different results were obtained using 
n-butyl in place of isopropyl alcohol; in this case (Table I) equal inhibition of 
oxidation took place with 0-5 % as with 10 % alcohol; the limiting inhibitory 
effect was in this case 25 %. Using 0-2 in place of 0-1 g. of C-Fe, the results 
obtained using »-butyl alcohol were again different, as now no inhibition was 
observed at concentrations of 0-5 and 1:0 %, whilst inhibition with 10% 
alcohol amounted to 38-3 %. 


Table I. Action of alcohols. 
Exp. 1. 0-1 g. C-Fe. All flasks contain 30 cc. of uric acid solution (17-7 mg.) at py 8. 


isoPropyl alcohol (%) 0 05 1, 1-5, 2,3, 4,5 

Uric acid after 24 hrs. at 16° (mg.) 12-0 12-3 14-1 

Uric acid oxidised (mg.) 5-7 5-4 3°6 

Maximal inhibition (%) 6 7-3-6) 100/5-7 =37 

Exp. 2. All flasks contain 30 cc. of uric acid solution (19-2 mg.) at py 8 

n-Butyl alcohol (%) 0 0-5 1-0 3-0 50 =10- 

Uric acid after 22 hrs. at 16° (mg.) 14-4 15-6 0-1 g. O-F 
Uric acid oxidised (mg.) 4-8 3-6 ’ 
Maximal inhibition (%) - ~ 3-6) 100/4-8=25 | 

n-Butyl alcohol (%) 0-5 1-0 3-0 5-0 ed 

Uric acid after 22 hrs. at 16° (mg.) 1: 4 11-4 11-4 12-6 13-5 4-4 | 0-2 ¢. C-Fe 
Uric acid oxidised (mg.) 7-8 7-8 7-8 6-6 5-7 * 8/ g- 
Maximal inhibition (% (7-8 — 4-8) 100/7-8 =38-3 ) 


(iv) Action of potassium cyanide and of sodium pyrophosphate. 


The results obtained with alcohols indicate that the reaction of oxidation 
by charcoal consists probably of two distinct reactions, one inhibited by small 
concentrations of alcohol, whilst the other proceeds even at high concen- 
trations. This phenomenon was further analysed by an investigation of the 
inhibitory action of potassium cyanide and of sodium pyrophosphate. The 
former agent is well known to be a powerful anti-catalyst, whilst the iatter 
has been shown by Warburg and Sakuma [1923] and by Meyerhof and 
Matsuoka [1924] respectively to inhibit the reactions of oxidation of cysteine 
and of laevulose catalysed by iron but not by copper. 

In most cases 50 cc. of solution containing from 10-2 to 50 mg. of uric 
acid dissolved in lithium carbonate and potassium cyanide to M/1000 or sodium 
pyrophosphate to M/250 or M/100 were taken. The py of unbuffered solutions 
was 8-5. Such systems, with or without 0-1 g. of charcoal, were left for 8-24 hrs. 
at 37°, and after filtration the uric acid was determined. In one case (Exp. 12) 
the system had a total volume of 40 cc., and consisted of 20 cc. of uric acid 
solution containing 29-2 mg. of uric acid, 10 cc. of Sorensen’s glycine-sodium 
hydroxide buffer to py 8-1, and 10 cc. of M/250 potassium cyanide or of 
water; this system was kept for 6 hrs. at 16°. The results (Table II) show that 
cyanide has in every case an inhibitory influence on the action of Kahlbaum’s 
blood-charcoal, on C-Fe, and on C-Cu, although uricolysis is not entirely pre- 
vented. Inhibition is, however, greater the earlier the stage at which the 
reaction was interrupted; this is comprehensible on the basis of the existence 
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of two parallel reactions, and, in this respect, the results obtained with 
cyanide confirm those obtained with alcohols. In the case of pyrophosphate, 
the reaction appears to be accelerated; thus in Exp. 1, 34-5 mg. are oxidised 
in the presence of M/250 pyrophosphate, and 33-75 in its absence; in Exp. 5, 
12 mg. are oxidised in the presence of M/100 pyrophosphate, and 7-8 mg. 
in its absence. That this is due exclusively to alkalisation of the solution, 
with consequent enhanced activity of the charcoal, is shown most clearly by 
Exp. 8, in which the solutions are buffered to py 6-5. When pyrophosphate 
is added without previous neutralisation, the py rises to 8-5, and oxidation 
amounts to 4-2 mg., whilst, when neutral pyrophosphate is added, only 
1-7 mg. of uric acid are oxidised; in the absence of pyrophosphate the same 
value of 1-7 mg. is found. It follows that pyrophosphate is without influence 
on the reaction of oxidation of uric acid in the presence of active charcoals. 
In Exps. 9, 10 and 11 the action of charcoal on the same systems was studied 
after a lapse of 6 and 24 or 8 and 22 hrs.; in every ease it will be seen that 
oxidation has proceeded further, showing that the action of the charcoal is 
continuous. On the whole, it will be seen that the action of C-Fe is more 
intense than that of C-Cu, and that pyrophosphate very slightly activates the 
latter preparation. 


Table II. Action of potassium cyanide and of sodium pyrophosphate. 


Uric acid (mg.) 
A. 
with charcoal 
cr A of 
alone with 14/1000 KCN with Na,P,0, 
Variety i "oF ———_——_ 
No. of of Time Temp. oxi- oxi- % inhi- oxi- conc. 
exp. charcoal Po hrs. °C. found dised found dised bition found dised Na,P,0, Remarks 
1 Kahl- 8-5 12 37 16-25 33:75 265 235 30 155 345 M/250 Solutions not 
baum’s buffered 
blood 
charcoal 
C-Fe 
C-Cu 
C-Fe 


C-Cu 
C-Fe 
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(v) Contact nature of action of charcoal. 


The following experiments were performed in order to exclude the possi- 
bility that oxidation in the presence of our charcoals is due not so much to 
surface action as to dissolved salts extracted from the catalyst; iron and 








ew ae me 


. 


eo OO NSN -—- OO NS 


~- ww FS Be Pa SC - 


varks 
3 not 
1 


buffers 





URICASE 1355 


copper ions have, as is known, a powerful catalytic action on the spontaneous 
oxidation of uric acid. Systems consisting of 40 cc. of uric acid solution con- 
taining 0-322 mg./cc. were left for 2 hrs. at 37° with 0-1 g. of C-Fe or C-Cu, 
after which they were filtered and uric acid was determined (0-258 and 
0-263 mg./cc. respectively). The filtrates were then left for 48 hrs. at 37°, and 
uric acid was again determined. The values found were identical with those 
obtained immediately after filtration, showing that the oxidative action of 
C-Fe and C-Cu is exclusively a contact process. 


(vi) Influence of shaking on velocity of reaction. 

Six flasks each containing 30 cc. of 0-118 % uric acid solution were pre- 
pared. To 4 of the flasks 0-1 g. of C-Fe was added, and all flasks were then 
tightly stoppered and kept at 37°. Two flasks with charcoal were shaken 
continuously, whilst the remainder were allowed to stand. At the expiration 
of 6 hrs. all systems were filtered, and uric acid was determined in the filtrates. 
The results (Table III) show that the reaction proceeds 1-7 times as rapidly 
with shaking as without. Since analogous results have been obtained with 
dog-liver (Part II) and with ox-kidney extracts (Part IV), this would support 
the view that catalytic reaction is in both cases due to contact action on the 
surface of macroscopic particles. 


Table III. Influence of shaking on velocity of reaction. 


Each flask contains 30 cc. of 0-118 % uric acid solution at py 8-5. 
Uric acid (mg.) 


Oxidation 
System found oxidised % 
No C-Fe 35-4 pee ae 
0-1 g. C-Fe, no shaking 26-4 9-0 25-4 
0-1 g. C-Fe, shaking 20-1 15-3 43-2 


C. Action of suspensions of biologically non-uricolytic tissues. 


The researches described in Part II of this series show that it is doubtful 
whether uricase can be obtained in solutions free from cell debris, and the 
general similarity of the py curves of ox-kidney uricase preparations and of 
C-Fe suggests the possibility that the reaction is in the former case one of 
contact catalysis on the surface of fragments of cell constituents. The action 
of suspensions prepared in the same way as those of ox-kidney, but using 
tissues generally considered to be devoid of uricolytic action, was next studied, 
in order to obtain comparative material. The tissues studied were ox-muscle, 
chicken-liver, and human liver. These were taken as soon as possible after 
death, in order to minimise the possibility of infection and of post mortem 
changes; the human liver was taken from a 5 months’ foetus 30 mins. after 
delivery. These tissues were treated in the same way as was ox-kidney, and 
the resulting suspensions were added to sterile solutions of uric acid at various 
Px Values, as before. 

Muscle extracts were clear, and differed visibly in this respect from kidney 
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or liver extracts. Determinations of uric acid, performed after 5 and 7 days 
of contact at 17°, showed that oxidation of uric acid had not taken place in 
any of the systems (Table IV). No uric acid was found in systems consisting 
of 10 cc. of extract, 20 cc. of buffer solutions, and 10 cc. of water. 


Table IV. Action of ox-muscle, chicken-liver, and human liver glycerol- 
chloroform extracts on uric acid. 
Each flask contains 20 ce. of buffer solution, 10 cc. of uric acid or water, 
and 10 cc. of extract or water. 


Uric acid (mg.) 
A... 





Oe 


in whole system 


reo 
in in at after after 
Material control extract beginning 120 hrs. 168 hrs. 


Ox-muscle -7, 6-3, 7° 14-60 0-0 14-6 14-6 14-6 


after 
72 hrs. 


Chicken-liver - : . . . : 14-4 —- 


after after 
84 hrs. 110 hrs. 


Human liver 5-9, 7-4, 9-0 13-8 0-0 13-8 13-8 13-8 
” 11-2 11-2 0-0 11-2 11-2 11-2 


Chicken-liver extracts differed from the preceding both in appearance— 
they were turbid, and on standing only very gradually clarified—and in uric 
acid content. The final uric acid content of the extract may consist partly of 
preformed uric acid, and partly of uric acid formed during the course of 
reaction from aminopurines by the action of purine oxidases. Since the 
activity of these enzymes might be different according to the py of the 
solution, a series of flasks containing 20 cc. of buffer solutions, 10 cc. of 
water and 10 cc. of extract were prepared, and the final uric acid contents 
were added to those of the control flasks containing uric acid but no extract. 
The results (Table IV) show that the final uric acid content of the extract is 
the same at all p, values taken, and that the uric acid content of systems 
containing 20 cc. of buffer solutions, 10 cc. of extract, and 10 cc. of uric acid 
solution is the same after 72 hrs. as the sum of the two control flasks. It 
follows that chicken-liver extracts, although macroscopically similar to ox- 
kidney extracts, have no uricolytic action. 

Substantially the same results were obtained with human liver extracts, 
except that in this case merely traces of uric acid were found in the extract. 


DIscussIon. 


The py curve of the action of ox-kidney uricase rises sharply at about 
Py 7-4 and shows a break at p, 8. The shape of the corresponding curve using 
C-Fe is on the whole similar, with, however, the halt at about py 9. The 
curve obtained by Felix et al. [1929] for pig-liver powder possesses a similarly 
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composite form. The fact that our charcoal does not adsorb uric acid indicates 
that adsorption is not necessarily an essential feature of uricolysis in macro- 
heterogeneous systems, although in the case of liver tissue extract, Harpuder 
[1922] has shown that the proteins found in the extract adsorb uric acid more 
strongly than do those of any other organ extract; it may be that the differ- 
ences found between Felix’s curves and ours are due to this specific adsorption. 
Thus differential elution at different p, values may, by increasing the concen- 
tiation of uric acid in solution, increase the velocity of oxidation, thereby 
apparently increasing the activity of the enzyme. 

Shaking greatly increases the rate of oxidation in the presence both of 
active charcoal and of ox-kidney extracts (described in Part IV of this series) ; 
in this way, too, the action of these catalysts presents points of similarity. 
The conclusion might be drawn from the results of this experiment, as well as 
from Przylecki’s experiments on filtration through Berkefeld filters of active 
extracts, that the catalyst is in both cases present in close association with 
macroscopic particles, and not in colloidal solution or as an extractive. 

As to the composite nature of contact uricolysis under the influence of the 
two catalysts studied, as illustrated by the p, curves, further analysis of the 
action of charcoal in the presence of commonly used inhibiting substances, 
such as alcohols, cyanide, and pyrophosphate, showed that inhibition is for 
the first two agents only partial (the actual value obtained depends, obviously, 
on the stage of reaction at which measurements were made, since, given 
sufficient time, the reaction would in all cases proceed to completion), and 
nil for pyrophosphate. These results point to the composite character of the 
catalyst; it is probable that, in the case of C-Fe, two types of active centre 
exist, one containing iron, and inactivated by the agents used, and the other 
possibly carbon itself—this would, at least on the surface, and at the tem- 
perature of ignition applied (white heat) consist largely of graphite. It has 
been shown (Zylbertal, unpublished work) that birch charcoal free from metals 
possesses considerable catalytic activity in the reaction in question. 

By analogy, and in view of the inactivity of similarly prepared extracts 
of non-uricolytic organs (muscle, chicken and human liver) it would appear 
possible that uricolysis catalysed by tissue extracts is due to certain surfaces, 
whether intra- or extra-cellular, possessing a specific structure, as well as active 
centres, probably associated with some heavy metal. Whether in vivo-urico- 
lysis is catalysed by the same agents, or whether these are artefacts produced 
by the manipulations to which the tissues in question are subjected, it is not 
yet possible to state with certainty; the fact, however, that similarly treated 
corresponding organs of non-uricolytic animals do not exert this influence 
would on the whole suppert the former view. Further, the blood is, in all 
species of animals, devoid of uricolytic power; the absence of uricase and the 
presence of most other enzymes in the blood would militate against the prob- 
ability of uricase existing in animal organisms in some soluble form. 
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SUMMARY. 


1. The velocity of oxidation of uric acid in the presence of ox-kidney 
uricase is greatest at py 8. 

2. Similarly prepared extracts of non-uricolytic tissues (muscle, chicken 
and human liver) have no uricolytic action over the py range considered. 

3. Warburg and Brefeld’s active charcoal (C-Fe) does not adsorb uric acid. 

4, The action of this charcoal on uric acid is approximately constant up 
to py 7-5; above this value the velocity of oxidation rapidly increases to a 
maximum value at about py 9. 

5. The velocity of oxidation in the presence of C-Fe is 1-7 times as great 
when the systems are shaken as without shaking. 

6. isoPropyl and n-butyl alcohols and potassium cyanide only partially 
inhibit the uricolytic action of charcoal. 

7. Sodium pyrophosphate does not inhibit the uricolytic action of charcoal. 

8. The contact action of charcoal catalyst is probably of a compound 
nature, both active surfaces and centres entering into the process. 

9. It is concluded that the activity of extracts (suspensions) is associated 
with the presence of macroscopic fragments of cell debris; the process of 
biological uricolysis would thus be one of contact catalysis on certain specific 
macroscopic surfaces. 


The author has pleasure in acknowledging his indebtedness to Professor 
St J. Przytecki, without whose constant interest and assistance this research 
could not have been carried out. 
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INTRODUCTION. 
It has been shown in the previous parts of this series that uricase is a contact 
catalyst, and that this enzyme cannot be obtained in the form of an extract 
or dialysate. The contact nature of the action of uricase was (Part III) based 
on an analogy with active charcoal. In this part experiments definitely 
establishing the non-existence of uricase except in association with insoluble 
cell-constituents are described. 


EXPERIMENTAL. 

Ox-kidneys were the source of uricase. Glycerol-chloroform suspensions 
were made from the minced tissue by the method described in Part I [Przy- 
4ecki, 1928] of this series. Uric acid was in all cases dissolved in saturated 
lithium carbonate solution and was determined colorimetrically using Folin’s 
reagent. py was determined potentiometrically. 


1. Action of various uricolytic preparations in flasks shaken at 38°. 

It wasshownin Part III that the rate of oxidation of uric acid in the presence 
of activated charcoal is 1-7 times as great with shaking as without, whilst in 
Part II it was shown that the action of dog-liver tissue was 2-5 times as great 
with shaking as without. In Part III a number of curves were given expressing 
the dependence of uricolysis on py for systems containing glycerol-chloroform 
extracts of ox-kidney tissue, kept without shaking for 48-86 hrs. Similar 
curves for the py range 6-2-11-9 have now been constructed for a number 
of glycerol-chloroform extracts, for kidney tissue itself, for the residue ob- 
tained on centrifuging the extract, and for extracts prepared without glycerol; 
in these cases the systems were shaken for various periods of time at 38° in 
100 ce. flasks tightly stoppered with rubber corks. The results are given in 
Fig. 1. 
7 (a) Glycerol-chloroform extracts (Exps. 1, 2, 3 and 4). 

These were prepared in the following way. 500 g. of hashed ox-kidney were 
macerated for 48 hrs. with 50 cc. of chloroform, 150 cc. of glycerol, and 500 cc. 
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of water. At the end of this time a further 500 cc. of water were added, and 
the mixture was allowed to stand for 24 hrs., when the supernatant layer 
was decanted off and taken for experiment. 


Uric acid oxidised, mg. 


Fig. 1. py-uricolysis curves of various ox-kidney preparations. 


Curve I. Glycersl-chloroform extract, 3 days old. Shaken 120 mins, 

Curve II. Glycerol-chloroform extract, freshly prepared. Shaken 60 mins, 

Curve III. Glycerol-chloroform extract, same as used in Exp. 2, 3 days later. Shaken 120 mins, 
Curve IV. Glycerol-chloroform extract, freshly prepared. Shaken 90 mins. 

Curve V. Aqueous chloroform extract. Shaken 90 mins. 

Curve VI. Minced kidney (1 g.). Shaken 60 mins. 


Curve VII. Suspension of residue from centrifuged glycerol-chloroform extract. Shaken 35 mins. 

All the systems in this section consisted of 10 cc. of uric acid, 20 cc. of 
buffer solutions (McIlvaine’s disodium hydrogen phosphate-citric acid buffers 
to py 8, and Sorensen’s glycine-sodium hydroxide buffers for py values above 
8), and 10 cc. of uricase. The lowest py taken was about 6-5, as below this 
value uric acid crystallised out under the experimental conditions. 

Exp. 1. (Curve I.) A 3-day-old uricase preparation was taken in this ex- 
periment. The flasks were shaken for 2 hrs. at 38°; decomposition of uric acid 
in the control flasks commenced at py 9-90, and amounted at py 11-60 to 
1-9 mg. The quantity of uric acid oxidised through the agency of uricase was 
taken as the difference between the uric acid contents of the system in question 
and of that of the control flask at the same py, to which water had been added 
in place of uricase. Maximum uricolysis was obtained at py, 7-41. Commencing 
with py 9-60 the solutions were increasingly clearer, until at 11-60 no sediment 
at all was formed. The systems having a py value above 9 smelt strongly of 
methylamine at the end of the reaction. The same phenomena were observed 
for all the systems described in this section. 

Exp. 2. (Curve II.) Here a freshly prepared uricase “extract”’ was taken; 
the flasks were shaken for 1 instead of 2 hrs. as in Exp. 1. Maximum oxida- 


tion occurred at py 8-71. 





URICASE 1361 


Exp. 3. (Curve III.) The same uricase preparation as in Exp. 2 was taken 
3 days later; these systems were shaken for 2 hrs. Maximum oxidation took 
place at py 9°85. Curve III differs from all the other curves in possessing only 
one peak. 

Exp. 4. (Curve IV.) A freshly prepared extract was taken in this experi- 
ment, prepared by adding 20 cc. of chloroform, 30 cc. of glycerol, and 200 ce. 
of water to 100 g. of minced ox-kidney, and diluting to 500 cc. after 48 hrs. 
The systems were shaken for 90 mins. The curve exhibits a‘first maximum 
at py 7-37, and a second at py 9-43-965. 

Exp. 5. (Curve V.) Aqueous chloroform extract. This was prepared simul- 
taneously with that used in Exp. 4; the only difference in its preparation was 
that 30 cc. of water were added in place of glycerol. These systems were, as in 
Exp. 4, shaken for 90 mins. The action of this preparation is on the whole twice 
as great as that containing glycerol; no particular significance is, however, 
attached to this result, as it is not possible, under the giver. conditions, to 
obtain different extracts containing comparable quantities of uricase. This will 
appear more clearly in the subsequent experiments described in this paper. 
Curve V has a well-defined peak at py 6-86. 

Exp. 6. (Curve VI.) Fresh kidney tissue. A number of flasks were prepared 
containing the usual buffer solutions, 10 cc. of uric acid, and 10 cc. of water. 
To half the flasks 1 g. of minced kidney tissue was added, and the systems were 
shaken for 1 hr. Curve VI exhibits two peaks, one at py, 7-46 and the other 
at Py 9-35. 

Exp.7. (Curve VII.) Residue from centrifuged uricase. The glycerol-chloro- 
form preparation used in Exp. 4 was centrifuged for 5 mins. at 3500 r.p.m., 
the residue was suspended in water and the suspension was again centrifuged. 
10 ce. portions of an approximately 10 % suspension of the washed residue 
were then added to a number of flasks containing uric acid solution together 
with the usual buffer solutions, and all systems were shaken for 35 mins. 
Curve VII has two maxima, a lower one at py 6-96 and a higher one at 
Py 9-43. 

The curves obtained in the above seven experiments are on the whole 
strikingly similar in general contour. In practically every case two peaks are 
obtained, one at about py 7-4 and the other at about py 9-4. All curves fall 
sharply from py 9-6 upwards, until at py 11-5 practically no uricolytic action 
whatsoever is observed. Inactivation is accompanied by dissolution of solid 
particles present in the enzyme preparation. 

Differences in the contours of the curves obtained are undoubtedly to a 
certain extent due to the small number of py values taken at sections of the 
curve in which abrupt changes in the catalytic action of uricase occur. Thus, 
in Curve I a striking difference exists between oxidation at py 6-62 and 7-23, 
and in many of the other curves this py interval was not taken. For this reason 
it is not the actual contour of the curves which is of importance for our purpose 
but their general shape; it is probable that taking narrower py intervals many 
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of the observed discrepancies between the individual curves would disappear, 
and this will be the subject of a future research. 

The curves obtained for shaken systems at 38° are, over the corresponding 
Py Tange, on the whole similar to those found for systems left without shaking 
at 16° (Part III). The hypothesis advanced in Part III that uricase is a contact 
catalyst and not a soluble enzyme is supported by these results. 


2. Separation of the active uricolytic factor from inactive tissue extractives. 


The similarity in shape of the p,-uricolysis curves obtained, using different 
preparations, suggests that the active agent is the same in all cases, 7.e. some 
insoluble cell-constituent. This view was confirmed by centrifuging a number 
of extracts, and comparing the uricolytic action of the original extract with 
that of a suspension in an equal volume of water of the residue, and of the 
centrifugate. Three preparations were taken for this purpose. The first was a 
3 day-old glycerol-chloroform extract, which had been allowed to settle, and 
was then decanted off from the lower layer of kidney tissue; about 130 cc. of 
the supernatant layer were centrifuged for 5 mins. at 3500 r.p.m. The centri- 
fugate, a brownish yellow, slightly opalescent liquid, had a volume of 120 ce. 
The combined residues, which consisted of a very finely divided powder, 
weighing about 2 g. in all, were suspended in 120 cc. of water, giving a stable 
suspension. A number of flasks were now prepared, each containing 10 cc. of 
uric acid solution, and 20 cc. of centrifugate, of suspension, or of water were 
added, and the systems were left with toluene for 43 hrs. at 20°, when the 
uric acid contents were determined. No decomposition had taken place in the 
presence of centrifugate, whilst 4-80 mg. had been oxidised in the presence of 
the suspension. All flasks were now shaken for 3 hrs. at 38°, and the uric acid 
content was again determined; the uric acid content of the control flasks and 
of those containing the centrifugate were again identical (14-25 mg.), whilst a 
further 6-38 mg. had been oxidised in the presence of the suspension (ef. 
Table II). 

The above experiment was repeated on the same uricase preparation, with 
the difference that it was first violently shaken with the kidney tissue and 
allowed to settle for only 10 mins., after which the upper layer was filtered 
through cotton-wool and then centrifuged, as before. The amount of residue 
now obtained was much greater (about 6 g.). The volume of centrifugate was 
in this case 100 cc., and the residue was accordingly suspended in the same 
volume of water. In addition to the systems prepared in the preceding experi- 
ment, flasks containing 20 cc. of the original extract before centrifuging were 
prepared, and all flasks were shaken for 2 hrs. at 38°. The results (Table I, Exp. 2) 
indicate that the centrifugate in this case still retained some slight uricolytic 
power, 0-75 mg. of uric acid being oxidised, whilst with the suspension of 
residue 16-13 mg. underwent oxidation, making a total of 16-88 mg. for both 
centrifugate and residue. During the same time, with the original extract only 
11-4 mg. were destroyed, indicating an activation corresponding to nearly 





Prep. taken 
Glycerol-chloroform ex- 
tract No. 1, supernatant 
layer, centrifuged 5 
mins. at 3500 r.p.m. 
Residue (2 g.) suspended 

in 120 ce. water. 


Vol. of centrifugate 120 cc. 


Same extract, shaken 
with kidney tissue, fil- 
tered through cotton 
wool, centrifuged 10 
mins. at 3000 r.p.m. 
Residue (6 g.) suspended 
in 100 ce. water. 


Vol. of centrifugate 100 cc. 


Chloroform-water extract 
(no glycerol). Superna- 
tant layer centrifuged 
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Table I. Analysis of activity of extracts. 


mg. uric acid after 


cc. taken of ~ 


— SSS 


whole 
extract pension fugate 


residue 


43 hrs. at 
sus- centri- 

water found 
= ~- 20 15-75 
20 — — 10-95 
20 — 15-75 


oxidised 


shaking for a further 
20° 3 hrs. at 38° 


found oxidised 
— 14-25 — 

4-80 7-87 6-38 
-= 14-25 — 


Uric acid after shaking 2 hrs. at 38° (mg.) 


- 


found 
16-5 


15-75 
0-27 
5-1 


oxidised 


0- 
16- 
1l- 


75 
13 
4 


Uric acid after shaking 1 hr. at 38° (mg.) 


found 
14-63 
13-43 

2-55 


3-83 


oxidised 
6 
12-08 
10-8 


10 mins. at 3500 r.p.m. 

Residue (15g.)  sus- 

pended in 70cc. water 
Vol. of centrifugate 70 ce. 


5-5 mg., or 50 % as a result of separation of the suspended particles from the 
medium. In the third experiment uricase “extract” was prepared as before, 
with the difference that water was added in place of glycerol. The supernatant 
layer was centrifuged for 10 mins. at 3500 r.p.m., giving 70 cc. of centrifugate 
and about 1-5 g. of residue, which was suspended in 70 cc. of water. Similar 
systems to those used in Exp. 2 were shaken for 1 hr. at 38°, and uric acid was 
determined as before. In this case 1-2 mg. of uric acid were destroyed in the 
presence of the centrifugate, 12-08 mg. in the presence of the residue, and 
10-8 mg. where the whole extract was added. An activation of 2-48 mg. or 
about 25 % was thus effected in this case by centrifuging and allowing the 
products to act separately. 

Obviously, the centrifugate must contain some factor retarding the action 
of uricase, as well as a uricolytic factor, which has only a very feeble action, 
and is probably residual uricase in very fine particles. The extract differs from 
water in that it contains chloroform, glycerol, salts, soluble proteins, and other 
tissue extractives. The centrifugate in Exp. 2 has double the inhibiting action 
of that in Exp. 3, and differs from it in two respects: firstly, in the possession of 
glycerol, and secondly, in that it has acted on a much larger (about three times) 
concentration of suspension, and to these two factors amongst others we would 
attribute.its greater effect. A third possibly inhibitory factor is chloroform, 
with which the centrifugate and the whole extract are saturated, but not the 

86—2 
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suspension of residue. The following experiment showed, however, that 
chloroform is inactive in this respect. Two suspensions of residue were prepared, 
each containing 1 % of residue, but one made with ordinary and the other with 
chloroform water. A number of flasks were prepared, each containing 30 cc. of 
uric acid solution. To some, 10 cc. portions of the suspension were added, and 
to others 10 cc. of water—these served as control flasks. All flasks were shaken 
for 90 mins. at 38°, and uric acid was determined. The control flasks contained 
13-8 mg. of uric acid, whilst those with uricase all contained 8-0 mg., irrespec- 
tive of whether chloroform was present or absent; chloroform is, therefore, 
under the conditions of this experiment without influence on the action of the 
residue. Potentiometric determination of the py, of the whole extracts and of 
the centrifugates indicated that the inhibiting action of the latter was not due 
to change in p,,, as both these products had a py, deviating to only a negligible 
extent from that of neutrality (6-99, 7-02, 6-85, 6-92). Moreover, the py of all 
the systems after the completion of the experiment was found to vary within 
very narrow limits round 8-5 (8-42-8-55). The only remaining factors are thus 
glycerol and tissue extractives, both of which could retard the velocity of 
reaction in heterogeneous systems by augmenting the viscosity of the medium. 
That this is the case for glycerol is shown in the following section of this paper. 

The results obtained from experiments on centrifuging confirm the view 
previously expressed in this series that uricase is a contact catalyst and not a 
soluble enzyme. Further, a method is provided for the preparation of uricase 


of practically any desired strength, by suspending the washed residue in the 
required quantity of water—such uricase suspensions retain their activity for 
many weeks if kept under sterile conditions. 


3. Action of glycerol. 


If it be assumed, on the foregoing evidence, that uricase is insoluble in 
water and acts exclusively as a contact catalyst, then any increase in the 
viscosity of the medium in which it acts should retard the velocity of reaction 
by diminishing the rate of diffusion of uric acid molecules to the active sur- 
faces. For systems allowed to stand without agitation viscosity may, however, 
also exert an activating influence. If systems containing uricase are allowed 
to stand, the uricase settles to the bottom of the flask at a rate inversely pro- 
portional to the size of the particles, to the viscosity, and to the relative density 
of the medium. Assuming constant diameter of the particles, increase in vis- 
cosity and in relative density should, up to a certain point, accelerate reaction, 
by retarding the rate of sedimentation of the catalyst, thereby augmenting its 
relative degree of dispersion. At the same time, diminution of the rate of 
diffusion of substrate molecules should exert an opposing effect. It should, 
therefore, theoretically be possible to attain a relative density and viscosity 
of the medium at which reaction attains a maximum value in unshaken 
systems. 
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This postulate was realised experimentally in the following way. A number 
of flasks was prepared each containing 10 cc. of uric acid, and 10 cc. of 2 % 
uricase suspension. To each flask 20 ce. of glycerol solution were added, so that 
the series consisted of solutions containing 0, 1, 2, 5, 10, 20, 30, 40 and 50 % 
of glycerol. All flasks were left for 24 hrs. at 24°, after which uric acid was 
determined. The amount of sediment formed at the end of this time diminished 
progressively with increase in glycerol content; at 50 % practically no sediment 
at all had formed. The results (Fig. 2) show that oxidation in 1 % glycerol is 
practically the same as in the absence of glycerol, whilst in 2% glycerol 
0-8 mg. more is oxidised, an increase of about 7 °%. The curve then falls, until 
at 7 % glycerol the velocity of reaction is the same as in its absence. The curve 
connecting mg. of uric acid oxidised with glycerol content is practically linear 
between 5 and 50 %, at which latter value only 2-2 mg. of uric acid had been 
oxidised, as compared with 10-3 mg. in the absence of glycerol. 
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Fig. 2. Action of glycerol on uricase. 


Curve I. System left 24 hrs. at 24°. 
Curve II. System shaken 1 hr. at 38°. 


For shaken systems different results should be obtained. As the glycerol 
content rises no change in the dispersion of the catalyst takes place, but only 
a progressive increase in viscosity; the activating factor should therefore be 
absent from shaken systems. 

This postulate was verified experimentally for systems similar to the pre- 
ceding, which were shaken 1 hr. at 38°. The curve obtained (Curve II, Fig. 2) 
shows a progressive decline in the action of uricase at concentrations of glycerol 
above 5 %; below this concentration no effect, either activating or inactivating, 
is observed. 

In the case of activated charcoal, which was shown in the preceding part of 
this series to possess an action analogous to that of uricase, glycerol has a 
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similar effect. In this case only one concentration of glycerol was taken, viz. 
50%. A number of flasks was prepared each containing 15 cc. of uric acid 
solution. To some of these flasks 15 cc. of glycerol were added, and to others 
15 ce. of water and 0-1 g. of iron-containing charcoal, prepared by the method 
described in Part III, were added to all but the control flasks. Uric acid was 
determined in all flasks after 6 hrs. at 30°; in the absence of glycerol the uric 
acid content had fallen from 15-9 to 6-3 mg., so that 9-6 mg. had been oxidised, 
whilst in 50 % glycerol, 11-4 mg. remained, corresponding to 4-5 mg. oxidised; 
inhibition here amounts, therefore, to about 50 %, as compared with 80 % in 
the case of uricase. The flasks were then left for a further 40 hrs. at 16°, after 
which time the whole of the uric acid originally present had been oxidised in 
the absence of glycerol, and only 7-2 mg. in its presence. The greater retarda- 
tion obtained in the case of uricase is possibly due to the greater magnitude 
of the diffusion factor in the absence of glycerol for oxidation catalysed by 
charcoal; in these latter systems the charcoal is present exclusively as a sedi- 
ment, and not as a suspension, so that the further enhancement of the diffusion 
factor by increase in viscosity does not relatively retard reaction to such an 
extent as in systems containing a catalyst in a greater degree of dispersion, 
and the velocity of reaction in which is initially to a lesser degree governed by 


velocity of diffusion. 


4. Action of residue after extraction. 


Minced kidney tissue was left with occasional shaking for 72 hrs. with 2 litres 
of water and 100 cc. of chloroform. The extract was then decanted and the 
residue was repeatedly shaken with fresh portions of water, until the aqueous 
layer no longer became turbid. The residue was then left overnight in running 
water. In this way all easily detachable or soluble cell-constituents were re- 
moved, leaving only the more massive structural elements of the tissue. 1 g. 
of the residue was shaken for 120 mins. at 38° with 30 cc. of uric acid solution 
at py 8-5; at the end of this time 9-45 mg. of uric acid remained in the presence 
of the residue, as compared with 15-0 mg. in the control flask. 

It follows that the whole of the insoluble matter of kidney tissue is associated 


with the uricolytic agent. 


5. Comparison of activity of various kidney preparations. 

The uricolytic activity per g. hour of a number of ox-kidney preparations 
was determined and compared, with the object of ascertaining whether any 
particular fraction is in particular associated with the active factor. 

All systems were at py, 8-5, and contained 30 cc. of uric acid solution, with, 
in the case of untreated, washed, and ground and washed kidney tissue, 1 g. 
of substance, and in the case of the residue from the centrifuged aqueous ex- 
tract, 200 mg. The water content of all preparations was determined, and the 
results are given in Table II in mg. of uric acid destroyed in 60 mins. (at 
30° with shaking) by 1 g. of wet or dry substance. 
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Table II. Uricolytic action of various preparations of ox-kidney. 


Uric acid after shaking 60 mins. at 38° (mg.) 
Vol. of ; 
uric oxidised oxidised 
Water Amount acid per g. per g. 
content taken solution in in moist dry 
Prep. % (g-) (cc.) control system substance substance 
Minced kidney 78-8 1-0 30 13-2 7-35 5-85 27-6 
Washed residue 88-5 1- 30 13-8 8-88 5-0 43-5 
Washed residue, 88-5 1: 30 15-45 5-25 10-2 88-7 
ground 
Residue from cen- 88-6 
trifuged extract 


30 13-8 8-8 25-0 220-1 


0- 
88-6 0- 30 18-6 13-2 27-0 237-4 
0- 


Same, air-dried 5-0 30 15-0 9-0 30-0 31-6 

The smallest value of 27-6 mg./hr./g. dry substance is given by fresh kidney 
tissue. Washed residue gives a value of 43-48 mg., whilst the same residue 
ground in a mortar has over double the activity (88-69 mg.). The residue from 
centrifuged aqueous extracts oxidises 220-1 mg./hr./g. dry substance; after 
keeping for 14 days in an atmosphere saturated with water and toluene vapour 
the activity remains substantially the same. The same residue was allowed to 
dry overnight and the dry product was powdered in a mortar; its activity was 
only 31-6 mg./hr./g. dry substance, representing a loss of activity of 85-6 %. 
The water-content of the above preparations was determined by drying to 
constant weight at 105°; the fresh tissue contained 78-8 °%, the washed residue 
88-5 %, the residue from the centrifuged extract 88-6 °%, and the air-dried 
residue 5 % of water. 

The above results, on the whole, confirm the conclusions drawn from the 
previous experiments. The most important factor in determining the activity 
of uricase is the state of subdivision of the tissue—for this reason the most 
active product is the residue from the centrifuged extract, the particles of 
which are so small that they remain in suspension. The next in order of activity 
is the ground residue, the particles of which are, however, still larger than those 
of the previous preparation. The whole kidney and the washed residue are both 
present in large fragments (about 3 mm. cubes); in these cases, during the 
shaking to which the systems are submitted during reaction, smaller fragments 
are detached, to which the greater part of the activity of these preparations 
may in all probability be ascribed. In the case of whole kidney tissue, however, 
various extractives pass into solution, thereby increasing viscosity and re- 
tarding the velocity of reaction. Finally, dried uricase consists of hard, im- 
permeable fragments which cannot develop the same surface as possessed when 
fresh. 

A further conclusion to be drawn is that uricase can be kept without any 
diminution in activity for at least 2 weeks—it is probable that it would, under 
appropriate conditions of sterility and moisture, keep indefinitely. 
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6. Attempts to dissolve uricase. 


Three methods were applied which might possibly allow the enzyme to be 
extracted in some soluble form. The first was extraction by alkalis; as was 
stated in Section I of this paper uricase preparations become increasingly clear 
as their py rises above 9-5. Such solutions deposit a flocculent precipitate on 
acidification, but, as is shown by the following experiments, this precipitate is 
uricolytically inactive. 

10 cc. of a glycerol-chloroform extract were added to a buffer solution at 
Py 11-6, consisting of 16 cc. of 0-1 N sodium hydroxide and 4 cc. of 0-1 N 
glycine. The mixture was shaken for 3 mins., and 1 g. of glycine was then 
added, in order to reduce the py to 8-4. A second system was prepared 
similarly, except that in this case the flask was shaken 1 hr. at 38° before 
addition of the extra glycine. To a third system the glycine was introduced - 
before the uricase suspension, whilst the control system contained the same 
constituents with the exception of uricase suspension, in place of which water 
was added. 10 cc. of uric acid solution were then added to all flasks, which 
were shaken for 2 hrs. at 38°, after which uric acid was determined. The flasks 
to which uricase had been introduced after the reduction of py, to 8-4 contained 
10-7 mg. of uric acid; all others contained 16-4 mg., showing that uricase is 
completely and irreversibly inactivated by even a short contact with solutions 
of py 11-6. 

A second experiment was performed as follows. 10 cc. each of Sorensen’s 
glycine and of sodium hydroxide solutions were added to flasks containing 
10 cc. of a 1 % suspension of uricase, sodium hydroxide being introduced before 
glycine to half the flasks, and after to the remainder. Uric acid (10 cc.) was 
then added to all flasks, as well as to control flasks containing 10 cc. of water 
and of each buffer. All flasks were shaken for 3 hrs. at 38°, and uric acid 
was determined; 13-8 mg. being found in the control flasks and in those to 
which alkali had been added before glycine, and 6-8 mg. in the others. It 
follows from the above two experiments that although uricase can be dissolved 
in alkaline solutions its activity cannot be recovered by subsequent repre- 
cipitation; at py 11-5 (Fig. 1) uricase is inactive. 

Two methods based on the possibility that uricase is present in adsorption 
on inactive cellular elements were next applied, but without success. The first 
was an attempt at elution with n-butyl alcohol, and the second with buffer 
solutions at py values of 6-11-5. 


7. Action of sodium hydroxide on washed residue. 


The experiments described in the first part of the preceding section showed 
that uricase is destroyed by the action of strong alkalis. This observation was 
applied to the elucidation of the question whether uricase is present as a surface 
coating on inert material, or whether it permeates the whole mass of the solid 
matter with which it is in association. 2 g. of coarsely divided washed kidney 
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tissue were shaken for 5 mins. with 20 cc. of N/40 sodium hydroxide solution, 
which should, in the case of finely divided tissue, suffice to destroy the active 
agent. The fragments of tissue were then washed free of alkali, and their 
uricolytic power was compared with that of similar tissues not previously 
treated with alkali. A number of systems were prepared containing 1 g. of 
tissue and 30 cc. of uric acid solution, and all were shaken for 1 hr. at 38°. 
The final uric acid content of the control flasks was 15-45 mg., and that of the 
systems containing kidney tissue, whether alkali-treated or not, was identical, 
viz. 10-83 mg. 

The above experiment suggests that uricase is equally distributed through- 
out the whole mass of tissue, and not only on the surface layer, as the fresh 
surfaces left exposed by the action of alkali are as active as were the original 
ones. 


8. Chemical composition of washed extracted kidney tissue and of the 
residue from centrifuged extracts. 

Elementary analysis established the presence of nitrogen, sulphur and 
phosphorus in both the above preparations. 

Both preparations gave positive reactions in the following tests: biuret, 
xanthoproteic, Hopkins, Millon, cysteine, and Molisch. 

The above results would support the view that the suspension consists of 
particles of kidney tissue differing from the residue only in their finer degree 
of subdivision. 

SuMMaRY. 

1. The pg-activity curves of different uricase preparations are of the same 
general type fox ali preparations studied. Two maxima exist, one at py about 
7-5, and the other at py 9-4. The curves all approach zero between py 11 and 12. 

2. This inactivation is associated with dissolution of the particles in 
suspension and is irreversible. 

3. Centrifugates of uricolytic extracts are catalytically inactive, the residue 
obtained being more active than the whole extract. 

4, This inhibition of the suspended particles by the medium is due, at 
least partly, to increase in viscosity of the system by dissolved proteins and by 
added glycerol. 

5. The addition of glycerol to suspensions of uricase in water increases the 
action of the suspension up to 2-3 %, at higher concentrations the activity 
falls in direct proportion to the glycerol content, until in 50 % glycerol 80 % 
inactivation is attained. 

6. The activating effect is interpreted as being due to retardation of the 
rate of sedimentation of the particles of uricase, whereby the dispersion of the 
catalyst is relatively increased; the inactivation at higher concentrations is 
due to retardation of the rate of diffusion of uric acid to the active surfaces. 

7. In shaken systems no activation is achieved by the addition of glycerol, 
as in this case the sedimentation factor does not exist. 
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8. The use of glycerol for the preparation of uricase from tissues is thus 
not only unnecessary but also undesirable. 

9. Uricolytic activity is associated with the whole of the insoluble part of 
kidney tissue. 

10. The uricolytic action of kidney tissue is a function of the degree of 
division of the tissue. 

11. The uricolytic activity, measured as mg. of uric acid oxidised in 1 hr. 
at 38°, with shaking, by 1 g. of substance (dry weight) is as follows, for various 
preparations: untreated ox-kidney tissue 27-6; washed residue from extracted 
tissue 43-5; washed ground residue 88-7; residue from centrifuged aqueous 
extract (fresh) 220-1 mg.; the same, 14 days old, 237-4, and the same, air-dried, 
31-6. 

12. The following method is proposed for the preparation of uricase. 

Minced kidney tissue is shaken violently with water containing chloroform 
(as an antiseptic) for 2-3 hrs. The suspension is filtered through cotton-wool, 
and the filtrate is centrifuged (10 mins. at 3500 r.p.m.). The residue is 
suspended in water, and the suspension is again centrifuged. The residue now 
obtained can be kept without any loss of activity for at least 2 weeks, and 
probably indefinitely, in an atmosphere saturated with water and toluene 
vapours. Drying greatly reduces the activity of such preparations as a result 
of diminution of the active surface. 

13. Uricase does not pass into solution under the influence of either surface- 
active bodies such as n-butyl alcohol or at any py between 6 and 12. 


The author has great pleasure in expressing his gratitude to Prof. St J. 
Przytecki for his interest in the research described in this paper, and for his 
assistance in its prosecution. 
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WHILE examining some miscellaneous urines collected for class work a speci- 
men was observed to give a carmine colour on treatment with concentrated 
hydrochloric acid and an oxidising agent such as hydrogen peroxide or potas- 
sium chlorate. The reaction was at first ascribed to the presence of urorosein 
or the vague scatoxyl-reds, but the solution in amyl alcohol failed to show 
the absorption bands characteristic of these substances. The reaction was then 
investigated, and the conclusion was reached that the colour arose from a con- 
densation between indoxyl and o- or m-cresol present in the urine, in accord- 
ance with the equation: 


C.0H co 
CHA cH +0,H,(CH,).0H +0, —> CHK ye =(,H,(CH,)=0 +H,0. 
NH NH 


Indoxyl Cresol Pigment 


Since such a condensation may occur in any specimen of urine which con- 
tains o- or m-phenolic compounds in addition to indoxyl, it serves to explain 
certain hitherto obscure colour reactions of urine, and is of importance in the 
estimation of indoxyl. In order to distinguish them from other red urinary 
pigments, such as indirubin, urorosein, and the scatole-reds, it is proposed to 
call these coloured condensation products urocarmine compounds, adopting a 
term originally used by Florence [1908] in a less definite sense. 

Method of demonstrating the urocarmine test. This is a modification of the 
indigo-blue test done under conditions less favourable for the production of 
the blue dye; 2 cc. of urine are treated with two drops of 0-1 % potassium 
chlorate solution or of 3 % hydrogen peroxide, and then 10 cc. of colourless 
concentrated hydrochloric acid are added. Colourless hydrochloric acid, ob- 
tained by distillation, is used to avoid the variable oxidation factor due to 
the use of an acid which has turned yellow from the formation of oxides of 
chlorine. The mixture is well shaken, and after standing for a few minutes is 
extracted first with chloroform and then with amyl alcohol. Under these con- 
ditions most normal urines give a variable indigo-blue reaction, the pigment 
dissolving in the chloroform, but from time to time specimens will be found 
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which display a reddish colour not removed by extraction with chloroform, 
but very soluble in amyl alcohol. With the specimen of urine under examin- 
ation, an intense carmine colour developed at once and no indigo-blue could 
be detected in the mixture or in the chloroform extract. 

Identification of the pigment. In order to determine if the chromogen of 
urocarmine were volatile in steam a litre of the urine was treated with a slight 
excess of 10 % barium chloride and rapidly steam-distilled. During distillation 
the organic sulphates were decomposed by the barium, and the volatile phenols 
liberated. This method is more satisfactory than the usual one of acidifying the 
urine as it obviates darkening of the liquid and other changes. Distillation 
was continued until samples no longer gave a positive reaction with Millon’s 
reagent. The residual urine was then concentrated to its original bulk on a 
water-bath, and filtered free from sulphate and carbonate. It was now found 
that the residue, after acidification, gave only a very faint urocarmine reaction 
but showed instead a definite indigo-blue. The distillate, after concentration, 
gave no colour of any kind on treatment with oxidising agent and acid, but 
a mixture of the concentrated distillate and the residual urine once more gave a 
urocarmine reaction. These facts suggested that two precursors were concerned 
in the formation of the colour, a non-volatile constituent, identified as indoxyl, 
and a volatile constituent, phenolic in character, which could not be identified 
with certainty by the paraformaldehyde test of Denigés [1913], but which was 
probably o- or m-cresol, as well as ordinary phenol; p-cresol, the second prin- 
cipal urinary phenol, does not interact with indoxyl to yield a urocarmine. 

The identity of the non-volatile constituent was established by obtaining 
a positive colour reaction with (1) a normal urine rich in indoxy]; (2) a solution 
of indoxyl prepared by the oxidation of indole by potassium persulphate; 
(3) a 1% solution of indoxyl synthesised from phenylglycine-o-carboxylic 
acid. The identity of the volatile constituent was confirmed by obtaining uro- 
carmine pigments from o-cresol and indoxyl, and from phenol and indoxyl, 
indistinguishable from the pigment produced in the original urine, although it 
was not found possible to obtain this in a crystalline form on concentration 
of the amy] alcohol extract. 

The condensation between phenols and indoxyl. Indoxyl] readily undergoes 
an oxidative condensation with many phenols to produce leuco-bases and 
pigments. This is the reason why Molisch’s carbohydrate test cannot be 
applied to urine, and why urines preserved with thymol develop a pink colour 
on treatment with strong acids. Two of these condensations, with a-naphthol 
and thymol respectively, have been recognised and investigated by Jolles 
[1915], who has made them the basis of methods for detecting and estimating 
indoxyl. A colour reaction with resorcinol has been used in this department 
for some time as a class test for indoxyl. Following the study of the uro- 
carmine reaction, the behaviour of phenols of biological interest towards 
indoxyl was investigated. Under the conditions of the reaction pigments were 
obtained with all phenolic compounds unsubstituted in the p-position, such 














THE UROCARMINE REACTION 1373 


as ordinary phenol, resorcinol, catechol, o- and m-cresol, pyrogallol, orcinol, 
thymol, gallic acid, adrenaline, and a-naphthol. Pigments could not be ob- 
tained, however, from the interaction between indoxyl and any of the 
p-substituted compounds examined, such as quinol, pure p-cresol, tyrosine, 
vanillin, homogentisic acid, and f-naphthol, which suggests that condensation 
takes place between the indoxy] and the phenol in the unsubstituted p-position 
of the latter to form the leuco-base. Indeed, the reaction might be of use in 
determining the presence or absence of p-substitution. 

The constitution of the urocarmine pigments. From his study of the e-naphthol 
and thymol condensation with indoxyl Jolles follows Friedlander in ascribing 
an indolignone structure to these bodies. The cresol derivative almost certainly 
belongs to the same type of compounds, having the structural formula: 


CH C-CH, 


Z» 4 
HC C—CO HC C=0 


no 6 ¢=¢ du 
wr (ft 

Hydrolysis of the pigment gave rise to anthranilic acid, due to rupture of the 
indole ring at the a-carbon. The nature of the other fragment of the pigment 
molecule could not be ascertained, owing to lack of material. Until this has 
been accomplished it is not possible to locate the methyl group, but from 
analogy with the thymol compound, analysed by Jolles, it occupies the 
position indicated. 

The urocarmine reaction in urine. When an indoxy] test is applied to urine 
in the ordinary way by adding an equal volume of concentrated hydrochloric 
acid of indefinite activity followed by an oxidising agent, most of the in- 
doxyl present is rapidly converted into indigo-blue, and rendered inert, since 
in this form it can no longer interact with phenols to produce urocarmines. 
If however the test be modified as previously described, a variable amount of 
the indoxyl combines with the urinary phenols to form urocarmine, and 
escapes the transformation into indigo-blue. The extent of this formation of 
urocarmine depends on three factors: (1) the concentration of acid, and the 
temperature of the solution; (2) the concentration of o- and m-phenols already 
present in the urine; (3) the nature of the oxidising agent employed. On 
the addition of resorcinol or o-cresol followed by acidification most, if not 
all, normal urines give a urocarmine reaction, and this may be made the 
basis of a simple colorimetric method for the estimation of indoxyl. The nature 
of the oxidising agent is important. Using hydrogen peroxide or potassium 
persulphate in the cold the colours obtained with resorcinol and o-cresol soon 
reach a maximum and remain unchanged for several hours. If however the 
solution be warmed, or if a stronger oxidising agent be employed, such as 1 % 
potassium chlorate or hypochlorite, the colour deepens and the shade changes. 
In normal urine this was found to be due to a condensation between indoxyl 
and creatinine, and for this reason most urines containing indoxy] will give a 
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urocarmine reaction if suitably oxidised, especially if the condensing acid be 
warm. 

The indogenide reactions of urine. Those colour reactions of urine which are 
associated with indole comprise two groups: Urocyanine reactions [Heller, 
1847], in which blue pigments are produced, and Urorubine reactions [Heller, 
1847; Thudichum, 1867], in which red pigments are produced. These reactions 
have been abundantly investigated by Maillard [1913], who has traced the 
subject back to the seventeenth-century writings of Bellini, and who has 
summarised the observations of some hundreds of investigators as follows: 
“L’indigotine et Vhemi-indigotine suffisent done 4 identifier toutes les 
couleurs bleues qui aient jamais été signalées dans l’urine humaine.” This 
conclusion has not been affected by subsequent research, although Maillard’s 
own conception of indigotine, or indigo-blue proper, as a simple polymer of 
hemi-indigotine does not appear to have attracted attention. (The term “hemi- 
indigotine” is applied by Maillard to the blue indigoid pigment produced by 
the condensation of two molecules of indoxyl and extractable with chloro- 
form.) Maillard’s conclusion that all the urocyanine reactions are due to 
indigo formation has not been seriously challenged. 

With regard to the Urorubine reactions of urine, however, considerable 
doubt still exists. The discovery of indirubine, or indigo-red, the red isomer of 
indigo-blue, suggested to Schunck [1857], Carter [1858], and Hoppe-Seyler 
[1863] that this might be the urorubine pigment of urine. Indirubine was 
actually isolated from urine, and identified by Rosin [1891], and its production 
was subsequently explained by Ellinger [1903, 1913] as being due to the for- 
mation of isatin by over-oxidation of indoxyl, and subsequent condensation 
of isatin and indoxyl to produce indigo-red. This simplified explanation has 
not been accepted by Maillard, who finds in the production of indirubine an 
explanation of most of the red pigments obtained from urine. A characteristic 
of indirubine is its solubility in chloroform, and Maillard has collected proof 
that all the chloroform-soluble red pigments obtained from urine by oxidation 
of the acidified urine are in reality one substance only—indigo-red. Hence it 
is possible to subdivide the urorubine reactions into two groups, (1) those 
producing pigments soluble in chloroform (e.g. indigo-red), and (2) those pro- 
ducing pigments insoluble in chloroform (e.g. urorosein, urocarmine). Pigments 
in the latter group are freely soluble in amyl alcohol, and may be termed 
the “alcohol-soluble” urorubines. The recognition of the urocarmines as a 
separate sub-group now renders it possible to simplify the classification of 
the urorubine reactions of urine as shown in Table I. 

This classification does not extend to those miscellaneous red pigments ob- 
served from time to time, the descriptions of which are insufficiently definite 
to enable them to be identified. Among these are: uroerythrine [Simon, 1845], 
purpurine [Bird, 1846], uromelanine [Thudichum, 1867], the pigments of 
Rosenbach [1889], Baginsky [1892], Cotton [1902], Florence [1908], Arnold 
[1909], and many others up to the urorubine of Weiss [1930]. Some of these 
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Table I. Classification of the red indogenide pigments. 


(A) Pigments soluble in chloroform. 

Indirubine or indigo-red. 

(B) Pigments insoluble in chloroform. 

1, Urocarmines. Simple condensation products of indoxyl and urinary phenols unsub- 
stituted in the para-position. Both chromogen and pigment are soluble in amyl 
alcohol. Chromogen precursors can be resolved by steam distillation into volatile and 
non-volatile components. 

(a) Phenol indogenide. 


(6) Cresol indogenides. 
The list might be extended to include the indogenides of the rarer urinary 
phenols, catechol and resorcinol, which are not volatile in steam. 

- Indole-reds. Produced by the autoxidation of indole. Only likely to be formed when 
indole occurs free in urine, a condition so rare as to be improbable. 

(a) Indole-red. [Oddo, 1916; Baudisch and Hoschek, 1916.] 
(6) Urorubin. [Weiss, 1930.] 

. Scatole-reds, or uroroseins. [Porcher and Hervieux, 1905.] Derived directly or indirectly 
from the biochemical oxidation of scatole or of tryptophan. Sometimes included among 
the indole-reds. Chromogen precursors cannot be resolved by steam distillation. 

(a) Indolepropionic acid. [Stokvis, 1901.] 

(6) Indoleacetic acid. Believed by Herter [1908] to be the chromogen of the original 
urorosein of Nencki and Sieber [1882]. 

(c) Indolealdehyde. Believed by Ellinger and Flamand [1909] to be the chief chro- 
mogen of the scatole-reds. 

(d) Indolecarboxylic acid. (Maillard, 1913.] 


In alcoholic solution the scatole-reds show well-defined absorption spectra. 


have been identified by Maillard as indigo-red, but from the method of pre- 
paration it is probable that several of them are mixtures of various compounds, 


including the urocarmines. A careful study of the scatole- and indole-reds will 
almost certainly result in a simplification of the table. 


Table II. Diagrammatic classification of the pigments. 


Z Soluble in CHCl, 
INDIGO-BLUE | < > | INDIGO-RED Insoluble in C,H,,.0H 
4 ee 
INDOXYL] + PHENOL | —>]| UROCARMINE 


Insoluble in CHC}, 
oe a 3 
} INDOLE | INDOLE-RED | / sotuble in C,H,,-0H 


oe ee 


| SCATOLE | sncetinnnbinianiniiaigs UROROSEIN 


The urocarmine reaction with indole. Solutions of indole do not give a uro- 
carmine reaction with the appropriate phenols, such as resorcinol, o-cresol, or 
thymol, unless the mixture is strongly oxidised (e.g. with potassium chlorate), 
when colours are obtained identical with the corresponding indoxy] colours. 
This is probably due to the oxidation of indole to indoxyl. Hence, by using 
3% hydrogen peroxide and 1 % potassium chlorate as oxidising agents in 
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the cold, it is possible to distinguish between indole and indoxyl, since the 
former only gives the urocarmine reaction with the chlorate, whereas the 
latter gives a urocarmine with both oxidisers. 

Significance of the urocarmine reaction in urine. When positive, this in- 
dicates the presence in the urine of indoxyl and phenols unsubstituted in the 
para-position, and hence constitutes a test for phenoluria. Its clinical inter- 
pretation has not yet been undertaken, but we observe that there appears to 
be no close association between the occurrence of indoxyl and of phenols in 
urine. A specimen may be abnormally rich in the indoxy! salt, and yet be 
quite free from phenols capable of giving a urocarmine reaction. The interesting 
problem of the relationship between para-cresol, the commonest substituted 
phenol in the urine, and the chromogenic phenols has also to be elucidated. 
Presumably the same mechanism by which homogentisic acid is produced 
from tyrosine is also concerned in the production of ortho- and meta-substitu- 
tion compounds from a para-precursor. 


EXPERIMENTAL. 


Synthesis of typical urocarmine pigments. 


Jolles [1915] having obtained condensation compounds of indoxyl with 
thymol and with a-naphthol, it was decided to prepare the cresol and resorcinol 
compounds. As no suitable commercial source of indoxyl could be found this 


substance was synthesised from phenylglycine-o-carboxylic acid following the 
method of Macbeth and Craik [1925]. By this means a litre of 1-2 % indoxyl 
in 25 % acetic acid was obtained. This solution was used for the majority of 
the experiments. 

o-Cresol indogenide. o-Cresol (1 g.) was dissolved in 100 cc. of 1-2 % indoxyl 
solution, 20 cc. of pure concentrated hydrochloric acid were added, and the 
mixture was boiled gently on an electric hot plate under a reflux condenser for 
2 hours. After standing overnight the mixture was slowly concentrated in a 
water-bath, with periods of cooling, until the excess of unchanged pheny]l- 
glycine-o-carboxylic acid had separated and could be removed. The mother- 
liquor was then diluted, treated with another 20 cc. of hydrochloric acid, and, 
the theoretical amount of 3 9% hydrogen peroxide having been added gradually, 
the concentration was continued. The autoxidation of the chromogen was 
hastened by the careful addition of 3°% hydrogen peroxide solution. After 
standing overnight, the deeply coloured residue was dissolved in warm acetic 
acid, and twice recrystallised from this solvent. It was finally obtained as 
short needles, dark purple in colour, and with a metallic lustre. 


M.P. (uncorrected) = 196—199°. 

Analysis showed, Nitrogen (1) 5-8 %; 
(2) 5-9 %. 

Theoretical value 5-97 %. 
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Hydrolysis of the pigment by boiling in aqueous solution liberated anthra- 
nilic acid, which was identified as the ethyl ester. From this it is concluded 
that the body is a simple indogenide and is formed in accordance with the 
equations: 


J C-CH, C-CH, C-CH, 
7 C-0H C-OH C-OH C-OH co C:0 
| + —_ — 
\ } CH HC o—¢ C=C 
NH NH NH 


Indoxyl o-Cresol Leuco-base Pigment 


Resorcinol indogenide. This was prepared by a similar method, but the 
subsequent purification was complicated by the fact that a second chromogen 
was formed during the condensation. One of these chromogens gave a carmine 
pigment on oxidation, and resembled in many ways the cresol and thymol 
indogenides. The other chromogen gave a deep violet on oxidation in the 
presence of excess of acid. The carmine pigment was stable on dilution with 
water; the violet pigment was instantly decolorised, but was restored on 
again adding excess of acid. Both pigments were insoluble in chloroform, but 
soluble in amyl alcohol. It is concluded that they are the isomeric indogenides: 


co c=0 —~CO O=C —OH 
Cc =— C c==C 
NH OH NH 


Red Violet 


A fair yield of the labile violet pigment was obtained by boiling an excess 
(5 g.) of resorcinol with 100 ce. of 1-2 % indoxy] in the presence of concentrated 
hydrochloric acid, under a reflux condenser in a current of coal gas for 6 hours. 
Subsequent oxidation with hydrogen peroxide produced only the violet pig- 
ment. Using resorcinol as a test for indoxyl, under ordinary conditions the 
pigment formed is almost entirely the red isomer. 


SumMaRY. 

1. The term wrocarmine has been applied to a class of indogenide pigments 
obtained from the condensation of indoxy] with various phenols unsubstituted 
in the para-position. 

2. The preparation and isolation of o-cresol urocarmine is described. 

3. The urocarmine reaction accounts for many of the pigments obtained 
from urine which are insoluble in chloroform. 

4. A simple classification has been drawn up of the red pigments derived 
from urine. 
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WHEN a red muscle is thawed after rapidly freezing in a cold concentrated 
solution of sodium chloride a superficial layer several mm. deep becomes dark- 
brown in colour because of the formation of methemoglobin [Foster, 1922, 1, 2]. 
This result has been confirmed by Oestert [1927]. The work described below 
was undertaken partly because these authors differ on two points, (a) Oestert 
does not agree that discoloration takes place only on thawing, (6) Foster con- 
cludes that “‘actual contact with the brine is not to be looked on as the causal 
factor,’ whereas Oestert attributes the discoloration to the action of the salt. 


EXPERIMENTAL. 


A Zeiss microspectroscope with “pointolite” illumination was used for the 
identification of tissue pigments in situ. A rough estimate of the percentage 
transiormation vf hemoglobin into methemoglobin can be obtained by 
matching the absorption band of methemoglobin in the red observed in 
different thicknesses of the tissue with that in different thicknesses of the 
same tissue in which the change to methemoglobin has been completed by 
treatment with powdered potassium ferricyanide. 

The tissue used was the red flexor muscles of the fore-leg of the ox; at 
temperatures above 0° the tissue was stored in an atmosphere saturated with 
toluene vapour. It was only possible to detect methemoglobin spectro- 
scopically when approximately 15 % of the total pigment had been changed 
into methemoglobin. To the naked eye discoloration was only appreciable 
when a much larger percentage had been transformed. 

It was found that methemoglobin was always formed in a superficial layer 
of tissue whether in the unfrozen or in the frozen state when exposed to 
oxygen. When stored in pure nitrogen no detectable amounts of methemo- 
globin were formed. With air-frozen tissue stored in air (Table I, 1-3) the rate 
of formation was very slow at low temperatures but was greatly increased 
when the tissue was frozen in brine! or was kept in aerated brine. These results 
are summarised in Table I. 


1 The “brine” used throughout was a saturated solution of A.R. sodium chloride. 
87—2 
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Table I. 
Methzemoglobin detect- 
able spectroscopically 
Temperature and condition in superficial layer in 
of storage approximately 


(1) inairat —- 5° 7 days 
(2) 4 ~10° 14 
(3) 4, — 20° 56 
(4) in brine at — 20° 5 

In Foster’s experiments the period of storage in the frozen state was ap- 
parently too short for the formation of sufficient methemoglobin to produce 
discoloration. 

With thawed tissue which had been frozen in brine the increased rate of 
methemoglobin formation at the higher temperature rapidly produced marked 
discoloration. For example a muscle was frozen by immersion in brine at 
— 20° for 6 hours and then transferred to a room kept at 0°. In 50 hours 
a transverse section showed that hemoglobin was completely changed into 
methemoglobin in a superficial layer approximately 5 mm. deep. As below this 
depth the pigment was in the form of reduced hemoglobin the change was 
complete throughout the region of oxygen penetration. With a similar muscle 
frozen in air at — 20° and thawed at 0° methemoglobin was visible after 50 
hours only in the deeper part of the region of oxygen penetration [cf. Brooks, 
1929]. 

The effect of penetration of sodium chloride into the tissue. It can be shown 
that the rapid formation of methemoglobin after freezing in brine is due to 
the penetration of sodium chloride into the tissue resulting in an increased rate 
of oxidation of muscle- and blood-hemoglobin to methemoglobin. 

(1) Tissue cut from the interior of a large muscle frozen in brine at — 20° 
behaved on thawing as if frozen in air. It was found that no significant amount 
of sodium chloride had diffused into this tissue. 

(2) It was not necessary to freeze the tissue in brine; a similar rate of 
methemoglobin formation at, for example, room temperature was produced 
by rubbing a fresh muscle with solid sodium chloride for a short time (immer- 
sion of the muscle in brine at room temperature resulted in a marked extrac- 
tion of pigment). 

(3) The rate of oxidation of blood-hemoglobin to methemoglobin was 
greatly increased by high concentrations of sodium chloride. Table II and 
Fig. 1 give the decrease in the carbon monoxide-combining capacity of diluted 
ox-blood in a potassium phosphate buffer at 10° in the presence and absence 
of 10 % sodium chloride. 

The oxygen pressure in the blood mixtures was maintained constant by 
the passage of a slow current of moist air saturated with toluene vapour over 
the liquid contained in shallow vessels moving slowing to and fro. The de- 
fibrinated blood was hemolysed by repeated freezing and thawing before 
dilution. The carbon monoxide-combining capacity was determined by the 
method of Van Slyke and Hiller [1928, 1929]. Part of the decrease in the 
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latter in the presence of 10 % sodium chloride was due to the formation of 
denaturated hemoglobin, parahematin (detectable by the presence of the 
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Fig. 1. a. 10% added NaCl. b. No added NaCl. 


heemochromogen spectrum on bringing the solution to approximately p,, 8 and 
reducing with sodium hydrosulphite). As the amount was a fraction of the 
amount of methemoglobin formed no attempt was made to estimate it and it 
is therefore included in the figures for the percentage change into methemo- 


globin. 
Table IT. 


Temperature 10°. 
Total phosphate 0-1 M; Ratio [H,PO,—]/[HPO,=]=9. 
(a) Added NaCl=10 %. 


CO capacity % change into 
Hours vol. % methemoglobin 
0 3-51 
7 2-70 
13 2-25 
22 1-58 
32 1-02 
42 0-63 
50 0-42 


(6) Added NaCl=nil. 
0 3-51 
24 3:37 

48 3°33 

Further work is required on the mechanism of the acceleration of the 
oxidation by concentrated sodium chloride. It may be suggested that one 
factor is the large increase in the ionic strength resulting in an increased 
hydrogen ion activity, since further work with phosphate buffers alone has 
shown that decrease of the p,, increases the rate of oxidation. 

The rate of formation of methemoglobin. The conditions in the superficial 
layer of a thawed muscle previously frozen in brine are complex. The con- 
centration of sodium chloride may vary with the distance from the surface 
and it is certain that the oxygen pressure does so. Both these factors would 
lead to different rates of methemoglobin formation in a layer a few millimetres 
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thick (the influence of oxygen pressure is shown in curves 1 and 2 in Fig. 2). 
To obtain a minimum variation of these two factors thin slices of tissue, about 
0-5 mm. thick, were used. For the sake of convenience they were cut from the 
interior of a frozen muscle (frozen in air at — 5°), thawed and then frozen in 
brine at — 20°. The slices were hung in air at different temperatures (in one 
case in nitrogen containing 15 mm. oxygen) and at intervals the percentage 
change into methemoglobin was roughly determined in a heap of the slices. 
The results are shown in Fig. 2. It will be seen that the rate increases with the 
temperature and is very rapid at low pressures of oxygen. 


8 


% change into methemoglobin 


32 40 48 56 
Hours 


Fig. 2. 1. Brine-frozen tissue in 15mm. O, at 20°. 2. Brine-frozen tissue in air at 20°. 
3. Brine-frozen tissue in air at 10°. 4. Brine-frozen tissue in air at 0°. 
5. Air-frozen tissue in air at 0°. 


In the case of curve 5 the freezing in brine was omitted. Because of the 
smaller depth of oxygen penetration into this tissue (¢f. Table III C) the average 
oxygen pressure in a slice would be less than in a slice frozen in brine. Curves 
4 and 5 are therefore not strictly comparable, the rate shown by the latter 
being relatively too large. 

The presence of oxygen in the tissue. In unfrozen tissue the depth of oxygen 
penetration is governed by the oxygen pressure in the atmosphere, the rate of 
diffusion of oxygen into the tissue and the oxygen consumption of the tissue. 
With a large piece of homogeneous tissue the greatest depth, d cm., to which 
oxygen penetrates is given by the equation [Warburg, 1923; Hill, 1928] 


we 2¢,D 
a af A 


where cy is the oxygen pressure in atmospheres at the surface of the tissue, 
and D and A are the diffusion coefficient of oxygen through the tissue and the 
oxygen uptake of the tissue respectively. Table III A gives the measured 
values of d, (for the method used cf. Brooks [1929]) at 0° and different pressures 
of oxygen for thawed tissue previously frozen in air at — 5°. It will be seen 
that d,//¢q is sensibly constant as required by the above equation. 

When the tissue was frozen in brine at — 20° and thawed the depth of 
oxygen penetration was increased and equation (1) did not hold. The results 
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were irregular but Table III B represents a typical experiment. The slices of 
tissue used for the determination of d, were transverse sections through the 


whole muscle. 
Table ITI. 


Temperature 0°. 

A. Tissue previously frozen in air at — 5°. 
Co d, cm. d,|V ey 
0-2 0-15 0-34 
0-5 0-23 0-33 
1-0 0-35 0-35 


. Muscle previously frozen in brine at — 20°. 
0-2 0-37 0-83 
0:5 0-45 0-64 
1-0 0-57 0-57 
C. Portion of same muscle previously frozen in air at — 20°. 
0-2 0-18 0-40 
05 0-30 0-42 
1-0 0-41 0-41 
The most probable explanation of these results seems to be that the 
penetration of sodium chloride decreases the oxygen uptake of the tissue, the 
effect falling off as the distance from the surface increases. If this were so 
equation (1) could not be expected to hold and the depth of oxygen penetration 
would be increased. 
SumMaRY. 


(1) Some of the factors concerned in the rapid formation of methemo- 
globin after freezing pigmented muscles in brine are considered. 

(2) The differences observed between the results of air freezing and brine 
freezing are attributed to the penetration of sodium chloride into the tissue. 
This penetration influences the oxidation of hemoglobin to methemoglobin 
in two ways (a) by increasing the rate of oxidation, (b) by increasing the depth 
of the superficial layer of tissue in which oxidation is possible. 
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TUMOUR GROWTH. 
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THE observation that arginine increased the growth of a transplantable tumour 
[Gilroy, 1930, 1] formed the basis for further work in which it was shown that 
thyroxine was antagonistic to arginine in this respect [Gilroy, 1930, 2], and it 
was suggested that the inhibitory action of thyroxine might be due to an 
increase in protein catabolism which involved both neoplastic and somatic 
tissue and reduced the amount of arginine available for the tumour. 

It was evident that a more direct method of depleting the organism of 
arginine would be to reduce its intake, but a difficulty was immediately en- 
countered, as it was found that all foods which were relatively devoid of 
arginine were also deficient in vitamin B. This fact was of considerable interest, 
since it had been suggested that vitamin B was conducive to tumour growth 
[Burrows, 1926, 1, 2; Caspari and Ottensooser, 1929], but according to Thies 
[1929] avitaminosis had no effect upon the growth of mouse tumours, while 
Jackson and Krantz [1929] found that normal liver contained more vitamin B 
than malignant tissue, from which they concluded that the suggested corre- 
lation between a high vitamin B content of organs and malignancy could not 
be substantiated. In view of the high arginine content of foods reputed to be 
rich in vitamin B it seemed possible that it was in reality this constituent of 
the diet which acted as a growth stimulant, and that, if arginine were still 
present in a vitamin B-deficient diet, this would explain the apparently ir- 
reconcilable facts that, while a diet rich in vitamin B accelerated tumour 
growth, one in which vitamin B was deficient did not exert an opposite effect. 

A comparison of the arginine content of caseinogen before and after sub- 
jection to the standard process for destruction of the vitamin B complex 
showed that no alteration had been effected by this treatment, as estimated 
by Sakaguchi’s reaction [1915]. In view of the observation [Reader, 1929], 
that one of the factors (Reader’s third rat factor, vitamin B,), was inactivated 
if a yeast extract was autoclaved in an alkaline medium, crude caseinogen 
was treated by this method, but the arginine was not reduced by the process, 
although it might have been racemised by the high temperature to which it 
had been exposed. 

It therefore seemed possible that vitamin B-deficiency was inimical to 
tumour growth only if it affected the general health of the animal and that, 
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in the experimental animal, tumour tissue might show relatively high powers 
of survival in virtue of the high arginine content of vitamin-deficient diets in 
so far as standard preparations were concerned. 

Experiments were carried out to test the effect of such diets upon tumour 
growth, with and without injections of arginine, and to observe any correla- 
tion between loss of body weight and tumour growth. The technique and 
material were similar to those previously employed [Gilroy, 1930, 1], and the 
deficient diets were supplied by Messrs British Drug Houses Ltd. (Exp. 1), 
and Messrs Glaxo (Exp. 2); the caseinogen, untreated and treated for destruc- 
tion of the vitamin B complex, was supplied by Messrs Glaxo, also the cod- 
liver oil used in Exp. 2. 

Exp. 1 (Section A). 68 albino mice, 36 males and 32 females, received 
implants from the same tumour and were divided into 6 groups and treated 
as follows: 


Males Group 1 , Group 2 Group 3 
36 Supplemented with wheat Arginine injections 0-3 cc. No addition to 
germ (10 %) and baker’s of a 10 % solution daily. diet, except cod- 
yeast. Cod-liver oil Cod-liver oil liver oil 
Females 
32 Ditto Ditto Ditto 


(Section B.) 65 mice, mixed coloured stock, 30 males and 35 females, re- 
ceived implants from two tumours and were divided into 6 groups as before, 
each group representing both tumours. 

The result of this experiment is shown in Table I. 


Table I. 


Days since implantation 
oO 
10 16 22 
Exp. 1 SS — 
Body-weight Body-weight Body-weight 
Section A Tumour % loss or Tumour % loss or Tumour % loss or 
Group Sex size gain size gain size gain 
1 M. 18-5 +58 81-5 +10-1 163-9 
F. 20-0 +2-6 69-1 + 53 116-1 
2 M. 20-9 —6-1 50-0 — 15-4 68-5 
F. 13-5 —5-6 30-0 -11-9 50-1 
3 M. 15-8 -3-1 27-7 -11-7 67-2 
F. 23-3 -40 63-3 - 61 84-9 
Section B 
1 M. 12-0 +19 31-9 84- 
F. 17-8 +57 73-0 26- 
2 M. 30-4 -3°3 125-4 + 03- 
F. 9-8 —9-1 23-1 “13-7 62- 
3 M. 13-7 —6-9 25-7 -11-6 63-2 
F. 7-5 +0-0 14-0 - 51 30-0 
In section A treatment with arginine was discontinued on day 16. Tumour size is expressed 
as cross-sectional surface area, in mm. 


From this experiment it seemed that a vitamin B-deficient diet retarded 
the growth of tumours in proportion to the loss of body weight, if the per- 
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centage loss of weight in groups 2 and 3 of both sections was compared with 
the gain in group 1. Arginine only increased the rate of tumour growth in 
Section B, in which the tumours grew twice as fast in mice injected with 
arginine as in uninjected mice. The reason for this difference between the 
sections was not apparent, unless relative insusceptibility to this dietary 
deficiency is a characteristic of coloured stock. 

It was difficult to form an opinion as to the effect on body weight in the 
later stages of the experiment, on account of the varying size of tumours in 
the several groups, especially in Section B. In Section A it seemed that the 
percentage loss in mice injected with arginine exceeded that of uninjected 
mice on a similar diet, and that males suffered more than females if tumour 
size were taken into account. It also appeared that after injections were 
stopped the weight of the males improved while that of the females decreased, 
but the increase in the males was correlated with a high mortality rate; treat- 
ment was not stopped in time to prevent deaths increasing from one to five 
in the last few days of the experiment. 

It seemed unlikely that this result would always accompany the injection 
of arginine, as it had never before had such an effect, but the sex distinction 
was interesting, and it was decided to repeat the experiment on unimplanted 
mice, in order that the results should not be obscured by variations in tumour 
size. 

From the data obtained in Exp. 1 it seemed possible that coloured stock 
was less susceptible to arginine injections than were albinos, and the former 
were therefore used in Exp. 2 to determine whether the apparent toxicity of 
arginine on a vitamin B-deficient diet could be confirmed. 

Exp. 2 (Table II). 115 young’mice, average weight 10-14 g. were divided 
into 4 groups, the largest being placed in group 3, in order that these should 
have if anything an advantage over the controls. The 4 groups were treated 


as follows: 
Group 1. 17 males eee ess Average weight 11-5 g. 
11 females = ‘ " 10-2 g. 


Diet supplemented with wheat germ and yeast as in Exp. 1. No injections. 
Group 2. 18 males us ee Average weight 11-7 g. 
11 females ae can ie 10-8 g. 
Diet supplemented with wheat germ and yeast as in Exp. 1. Arginine injections. 


Group 3. 18 males o> ie Average weight 14-3 g. 
11 females a _ 11-0 g. 


No additions to diet. Arginine injections. 


Group 4. 18 males ao ee Average weight 11-9 g. 
11 females oe i 10-4 g. 


No addition to diet. No injections. 
The result of this experiment is shown in Table II. 


1 It might be correlated with the observation of Hartwell [1928] that edestin requires 
more vitamin B than does caseinogen or egg-albumin for normal metabolism. 
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Table IT. 
Group 1 Group 2 Group 3 
a 


(men, 


- 91 + 55 
x xX 
+14-0 “ +12-0 
x xX X 
+343 ° +140 
x 


+40-0 , +24-0 , 1-9 
xe 
+47-0 +26 +43-5 - 2 1-9 
“x x 
+443 +0-0 +43-5 -I11-1 8-1 
+45°7 +0-0 +44-4 —14-7 9-1 


+48-6 +03 +47-2 - 16-1 8-1 
eo % 


+52-8 +3°4 +47-2 — 12-6 - 81 -6-7 


The figures with prefix + or — represent change in weight. 
The sign x indicates a death. 
* Indicates arginine injections stopped. 


Discussion. 


It may be inferred from Exp. 1 that the general debility induced by a diet 
deficient in vitamin B is accompanied by a reduction in the rate of tumour 
growth, and that growth is unaffected if the health of the host is not impaired. 

The results obtained in Exp. 2 showed that coloured stock was not, as 
suggested by the results of Exp. 1, resistant to a deficient diet, but the obser- 
vation that in Exp. 1 males suffered more than females was confirmed in 
Exp. 2. The percentage loss in males was double that of females, the actual 
values corresponding closely to those for the same period in Exp. 1. The males 
receiving arginine injections and also wheat germ and yeast in their food only 
maintained their weight; females on the same diet showed the same percentage 
increase as uninjected mice. 

It is evident that the mortality rate is an important factor in such an 
investigation; deaths invariably reduce the recorded loss, or increase the gain. 
This may explain the relatively great increase in weight among females in 
both groups receiving wheat germ and yeast, as compared with males on 
a similar diet. For the same reason it is probable that the males on an 
unsupplemented diet and not injected would have shown a greater loss of 
weight if the mortality had not exceeded that of the corresponding injected 
group, and from this standpoint it might be argued that the injections in 
reality exerted a beneficial effect upon the males, only one death occurring in 
this group compared with eight in uninjected males. Since both percentage 
increase and mortality rate were similar in the two groups of females on a 
diet supplemented with wheat germ and yeast it appears that arginine was 
without effect in modifying their weight, but in males injections of arginine 
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appeared to prevent an. increase in weight, and this was not due to a differ- 
ential mortality as an equal number of deaths occurred in both injected and 
uninjected males. It is to be noted that the inclusion of wheat germ and yeast 
in the diet increases the total arginine intake, but that the introduction of 
vitamin B enables females on such a diet to metabolise it without any ill effects, 
although males under such conditions can only just maintain their weight. 

The sudden acceleration in loss of weight which occurred at the end of the 
second week of the experiment may have been due to final exhaustion of stores 
of vitamin B in the body of the animal. Before this date the injected mice 
looked decidedly less healthy than those which were not injected, and were 
far less active. Termination of the experiment was necessitated by the de- 
velopment of sores on the backs of the males; this did not precede the rapid 
loss of weight, and was undoubtedly due to daily injections in emaciated 
animals; it did not occur in the females of either group. 

The comparative good health of the females precludes the possibility that 
the arginine was contaminated with some toxic substance, or that the injec- 
tions introduced an element of sepsis. 

Owing to the variations in mortality in the several groups it is impossible 
to draw any definite conclusion as to the influence of arginine upon the body 
weight of mice on a diet deficient in vitamin B, but the results may perhaps 
be of some interest as a contribution to the study of avitaminosis in relation 
to the metabolism of purines, and the effect of vitamin B-deficiency upon the 
rate of tumour growth. 

SuMMARY. 


1. The growth of a transplantable tumour (M 63) in mice on a diet de- 
ficient in vitamin B is only affected if the general health of the animals is 
impaired. 

2. It is suggested that the high arginine content of foods rich in vitamin B 
accounts for the fact that diets rich in vitamin B stimulate tumour growth. 
The arginine content of caseinogen does not appear to be reduced by the pro- 
cess employed for destruction of the vitamin B complex, and this may explain 
the observation that vitamin B-deficient diets do not retard the rate of tumour 
growth. 

3. Evidence was obtained that arginine may exert a toxic effect in mice 
on a vitamin B-deficient diet, especially in the case of males, but a differential 
mortality rate makes it difficult to come to any conclusion on this point. If 
wheat germ and yeast are added to such a diet the effect of arginine injections 
is only detrimental in the case of males. 


I wish to acknowledge my indebtedness to the Medical Research Council 
for a grant which made this investigation possible, also to Professor Crew for 
scientific hospitality, and his encouragement and advice. I am indebted to 
Messrs Daren, Ltd., for the gift of the wheat germ used in the experimental 
diets. 
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CLI. STUDIES ON THE METABOLISM OF 
ANIMALS ON A CARBOHYDRATE-FREE DIET. 


I. THE DISTRIBUTION OF GLYCOGEN AND FAT 
IN THE LIVER OF ANIMALS FED ON A 
CARBOHYDRATE-FREE DIET. 


By ALEXANDER HYND anp DOROTHY LILLIE ROTTER. 
From the Physiology Department, University of St Andrews. 


(Received August 5th, 1930.) 


THoucH attempts made some years ago in this laboratory [Hynd and 
Macfarlane, 1927] to alter the maltase content of the blood of animals did 
not meet with success, the experiments then carried out showed in a definite 
manner that animals under different nutritional conditions exhibit striking 
variations in their response to the internal secretions. This discovery, unknown 
to us at the time, had already been reported independently by Abderhalden 
and Wertheimer [1924, 1]. Consequently the results of our experiments were 
not presented for publication, especially as other workers had confirmed the 
observations of the above-mentioned authors. In the interval, although several 
suggestions have been made, no adequate explanation seems to have been 
advanced to account for all the results obtained. Accordingly it seemed de- 
sirable to study the response towards the secretions of the more important 
ductless glands of animals fed on a carbohydrate-free diet, in the hope that a 
careful comparison of their behaviour with that of normal animals would help 
to elucidate the parts played by these secretions. 

As the work will require a considerable time to complete, it is intended to 
communicate the results in sections. The first of these, forming the present 
paper, deals mainly with changes in the distribution of fat and glycogen in 
the liver following upon the withdrawal of carbohydrate from the diet, and 
furnishes data essential for the proper understanding of the subsequent 
sections. 

The results of preliminary experiments on mice pointed to there being no 
marked macroscopic or microscopic differences in the appearance of the organs 
of animals fed on a carbohydrate-free diet from those of animals on a normal 
diet, with the exception of the liver and perhaps the suprarenals. The livers of 
animals fed on a diet in which the carbohydrate was reduced to a minimum 
appeared on naked-eye examination to be of a coarser texture, and on histological 
examination were found to be distinctly fatty, especially in the periphery of 
lobules. Although Mottram [1909] found that the increase of visible fat in the 
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liver of rabbits was paralleled closely by a rise in the percentage of fat, it is 
well recognised that a histological appearance denoting an excess of fat may 
not be due to a true increase of fat but rather to an alteration in the character 
of the fat. Accordingly, experiments to determine the actual fat and glycogen 
content of the liver of animals under the above conditions were carried out. 


Experimental animals and diets employed. 


The animals used for the majority of the experiments were standard albino 
rats and mice, but a smaller number of experiments were also conducted on 
kittens. As it has been reported that the glycogen content of animal tissues 
suffers a seasonal variation, and that animals such as rats show a seasonal 
ketonuria, it is worth noting that all our experiments were confined to the 
winter and early spring months. Our results, therefore, are not affected by 
such variations, and moreover all the experiments were carefully controlled 
by the use of normal animals either from the same litter or of like age and 
weight. Reference to Table II will also show that in the experiments with 
rats the sex of the animals was taken into consideration. 

Twenty-three rats on a carbohydrate-free diet have been examined, as well 
as 13 controls on a normal diet consisting of approximately equal amounts of 
bread and milk. The “carbohydrate-free” diet selected for rats consisted of 
grated cheese, a few drops of milk being added to ensure a sufficiency of 
vitamins. The rats were kept in separate cages, and were provided with water 


and as much food as they could eat. Records were kept of the amount of 
food taken per day, and each animal was weighed once or twice per week. 

The diets employed, analysed by the usual methods, are indicated in 
Table I, the weights given being in g. per 100 g. rat per day. 


Table I. 


Analyses of diets. 


Total Carbo- 
Diet food hydrate Fat Protein Salts Calories 


Control 28-3 8-01 0-50 1-64 0-26 44-0 

“Carbohydrate-free” 9-0 0-09 3-82 2-73 0-36 48-1 

The rats used were 9 to 12 weeks old, the average weight at the commence- 
ment of the experiment being 102g. All the animals remained healthy 
throughout the experimental period, but the animals on the carbohydrate-free 
diet developed rough and greasy coats and did not grow so well as the control 
animals. The average weight of the cheese-fed rats, after 2 weeks’ feeding, 
was 124¢., while the control rats averaged 131 g. After longer periods of 
feeding, the difference in weight became more marked. Levine and Smith 
[1927] reported normal growth in young rats on a diet devoid of preformed 
carbohydrate, and observed no particular ketonuria. In our experiments no 
acetone bodies were at any time detected in the urine. 

Similar experiments with mice have also been carried out. A number of 
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pregnant mice were obtained and divided into two sets. One set was fed 
entirely on cheese, and the other on bread and milk. The litters obtained were 
reared on these respective diets. In one experiment, in which the mice were 
largely of a black or slate colour, the cheese-fed animals thrived as well as, if 
not better than, those on the control diet of bread and milk. However, in 
another experiment with white mice, the cheese-fed animals grew much more 
slowly than the controls and required a longer period to reach adult size. Of 
the mice reared in this way, 28 cheese-fed animals and 30 controls have been 
used for chemical analyses. Experiments have also been carried out with mice 
fed on non-carbohydrate diets consisting of (a) butter-fat plus a little caseinogen 
(7 animals used for analyses), and (b) caseinogen plus a little milk (2 animals 
used for analyses). These diets, however, did not prove so satisfactory as the 
cheese diet. After 5 to 6 weeks’ feeding, a large percentage of the caseinogen- 
fed mice died, and after a similar period the fat-fed mice were in poor condition. 
These results may be correlated with the findings of Burr and Burr [1930] 
and of Wigglesworth [1924] respectively. The former found that a diet devoid 
of fat and of high protein content was harmful for rats, while the latter found 
that a very definite ketosis occurred on a diet of fat alone, but on fat and 
protein the ketosis was much less. 

Three sets of experiments, involving the use of 12 kittens, have been com- 
pleted. Carbohydrate-free diets consisting of (a) fish (4 animals used), and 
(b) cream (2 animals used) have been employed, while an excess carbohydrate 


diet consisting of bread and milk served as a control diet (5 animals used). 

With the exception of the two kittens, which after a time refused to take 
cream and therefore lost weight, all the animals remained healthy, but those 
fed on fish showed the most satisfactory growth. The animals used were from 
4 to 6 weeks old at the commencement of the experiment, and were kept on 
the respective diets for 3 to 4 weeks. 


Analytical methods employed. 


The methods usually adopted for the estimation of the glycogen and fat 
content of the liver were modified so as to render it possible to make duplicate 
determinations of both constituents using only one rat or two mice for each 
experiment. 

Each animal was killed between 9 and 9.30 a.m., and, unless specified 
otherwise in the tabulated data, food was left in the cage during the previous 
night. The animal, after being stunned, was decapitated, and the blood, which 
was collected in a small basin containing a trace of powdered potassium 
oxalate, used for the determination of blood-sugar by the method of Hagedorn 
and Jensen. After some experience, the first stage of this process was com- 
pleted within a minute of the death of the animal. A gastrocnemius muscle 
was then rapidly dissected and transferred to a tared 25 cc. centrifuge tube 
containing 1-5 to 2 cc. 60 °% potassium hydroxide. The liver was next excised 
and divided into two portions, which were treated in the same way as the 
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muscle, one being used for the glycogen and the other for the fat determination. 
After re-weighing, the three centrifuge tubes were heated for 3 hours in a 
water-bath kept at 100°, which treatment completely saponifies the fat and 
does not destroy the glycogen. The larger organs were then carefully dissected, 
weighed and measured. The interval which elapsed between the killing of the 
animal and the immersion of the tissues in the strong alkali was, as a rule, 
less than 1 min., while the transference of the tubes to the bath at 100° 
was completed within 2 mins. Every precaution was thus taken to minimise 
post mortem glycogenolysis, as emphasised by Simpson and Macleod [1927]. 

In the case of mice, no estimations of muscle-glycogen were carried out. 
For the blood-sugar estimation the mixed blood from two animals was em- 
ployed, and the liver of one was used for the glycogen estimation, that of the 
other for the fat estimation. Otherwise, the methods of analysis were identical 
with those described above for rats. 

With kittens, a number of samples of blood, muscle and liver were taken 
for the several estimations, and the average values are reported. 

(i) Estimation of glycogen. From 1 to 1-5 g. of liver, or muscle, was em- 
ployed for the glycogen estimation, the modifications of Pfliiger’s method 
introduced being similar to those detailed by Irving [1928] except that 80 % 
alcohol was used for the precipitation, and heating for 3 hours at 100° with 
5 % hydrochloric acid for the subsequent hydrolysis. These we found to be 
the optimum conditions in control experiments carried out on a specimen of 
pure glycogen prepared from rabbit’s liver. After neutralisation and filtration 
the solution was made up to standard volume (50 cc.) and estimations carried 
out either by Hagedorn and Jensen’s method, or by the modification of that 
method developed by Hanes [1929]. As Hanes’s method requires 3-0-2 mg. 
glucose for each estimation, while Hagedorn and Jensen’s upper limit is 
0-3 mg. glucose, the two methods overlap and it is thus possible to change 
directly from the one to the other, if the amount of sugar present renders this 
necessary. 

(ii) Estimation of fat. For the determination of fat, 2-5 to 4g. of liver 
were used. In the case of rats this represents the remainder of the organ from 
the glycogen estimation. The liver-fat, after saponification by 3 hours’ heating 
at 100° with 60 %, potassium hydroxide, was converted into fatty acids by 
acidifying with hydrochloric acid, as detailed by Mottram [1909]. The mixture 
was then transferred to a separating-funnel and thoroughly extracted with 
small amounts of carbon tetrachloride. Only on rare occasions did trouble- 
some emulsions form, and as a rule the carbon tetrachloride extract was 
readily tapped off into a second separating-funnel, where the combined extracts 
were washed with water to remove traces of mineral acid. The carbon tetra- 
chloride solution of fatty acids was then made up to standard volume (usually 
100 cc.) and portions used for analysis. 

By titrating 25 cc. of the solution, diluted with about an equal volume of 
alcohol, with N/30 alcoholic potassium hydroxide, using phenolphthalein as 
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indicator, a measure of the acidity is arrived at. Also by treating 20 cc. of 
the solution with 5 cc. of Wijs’s reagent, and subsequently titrating with N/50 
sodium thiosulphate, the iodine absorption is obtained. Comparison of the 
titres obtained in this way for livers of normal animals with those for animals 
on non-carbohydrate diets would give an accurate measure of the changes 
brought about by withdrawal of carbohydrate from the diet. However, owing 
to the fact that it would be difficult to assess the value of such changes, it 
seemed advisable to express the results as percentage of fatty acids. As the 
determination of the actual weight of fatty acid present in the small amount 
of liver tissue employed in our experiments would not be very reliable, we 
have made the reasonable assumption that the mixed fatty acids would have 
a mean molecular weight equivalent to that of linoleic acid, C,,H,,0,, namely 
280. On this basis, the average percentage of fatty acids equals 3-7 % and 
the iodine value lies between 130 and 140 for animals on a normal diet. These 
values agree well with those quoted by Hartley [1909] for liver-fat. 

As the method described above is not that usually adopted for the 
determination of fat or fatty acid, the process has been checked by trial 
experiments with oleic acid. The results of these control experiments indicate 
that: 

(1) The end-point of an iodine value estimation is perfectly definite when 
N/50, or even N/100 thiosulphate is used, instead of the usual N/10 solution. 

(2) It is not essential to dry the carbon tetrachloride extract before pro- 
ceeding to the determination of the iodine value. 

(3) Three hours’ heating at 100° with 60 % KOH followed by liberation 
of the acids and their extraction with carbon tetrachloride has no effect on 
the iodine value. 

(4) By diluting with an equal volume of.alcohol, the carbon tetrachloride 
extract can be utilised directly for the acidity determination. 


RESULTS. 


Reference has already been made to the growth of the experimental 
animals. As is usually the case, considerable variations in growth were ap- 
parent both in the controls and in the animals on a carbohydrate-free diet. 
As this is naturally reflected in the weights of the individual organs, the 
figures given in the Tables are calculated for an animal of 100 g. body 
weight. 

In rats a carbohydrate-free diet causes a definite enlargement of both the 
liver and the kidneys in male and female. In mice the effect on these organs 
is similar to that in rats and, as shown by the second experiment, becomes 
more marked the longer the carbohydrate-free diet is continued. This agrees 
with the results obtained by Osborne and Mendel [1924]. The average values 
obtained for the spleen in the rat experiments are remarkably constant. In 
the mice, on the other hand, wide variations are found. No importance can 
therefore be attached to alterations in the weight of this organ, which is well 
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Table II. 


Weights of organs. 
(A) Rats. Male Female 


Control Carbohydrate-free Control Carbohydrate-free 
Organ : g. g. , 

Heart “52 0-57 0-69 
Kidneys , 1-22 0-91 
Liver ; 4-12 3-72 
Lungs I. 0-88 0-76 
Pancreas ; 0-39 0-35 
Spleen , 0-49 0-54 
Suprarenals “03: 0-036 0-37 
Thyroids } 0-014 ~ 

No. of animals used 7 11 6 


Mice. Ist Exp.: 6 weeks’ feeding 2nd Exp.: 24 months’ feeding 


OCF OT 
Bread Cheese Bread Cheese 

Organ g. g. g. g. 
Heart 0-7 0-72 0-67 0-62 
Kidneys 1-50 1-78 1-56 1-92 
Liver 6-77 7-06 5-10 6-92 
Spleen 1-46 0-66 0-54 0-43 


No. of animals used 5 5 15 10 


recognised to be liable to marked fluctuations. While no change is apparent 
in the weight of the suprarenals of male rats, these organs are increased in 
weight and volume in the female. Owing to the method adopted for killing 
the animals, it was only possible to examine a few of the thyroids. However, 
those of the animals on carbohydrate-free diet tend to show an increase in 
weight, but careful histological examinations, for which we are greatly in- 
debted to Professor Herring, revealed no definite changes from the normal in 
the case of rats or kittens. The other organs weighed appeared in all three 
species to be normal to naked-eye examination. Further consideration of the 
above data will be postponed till the publication of a later section of this work. 


Table ITI. 


Average values for rats. 
Duration 
of experi- 
mental Period of Blood- Glycogen Glycogen Fatty acids 
feeding fasting sugar in muscle in liver in liver Iodine value of 
Weeks Hours %, % % % fatty acids 


(A) Carbohydrate diet (bread and milk). 
1 0 0-16 0-77 3-4 
0 0-15 0-55 3-0 
0 0-14 0-46 3-0 
12 0-13 0-70 2-5 
24 0-11 0-51 


140-141 
130-140 
121-123 
130-140 
130-140 


ISI 


A rorwwr 
= 
oS 


Non-carbohydrate diet (cheese). 
0 0-18 0-49 
0 0-17 0-63 
0 0-16 0-58 
12 0-12 0-50 
24 0-10 0-29 


130-134 
120-128 

97-120 
130-140 
123-130 


ss—2 


bobo Who 
boo Ors 
Ob] 


Ona1¢ 
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With regard to the chemical analyses carried out, these showed no differ- 
ence between male and female animals. Consequently this detail is omitted 
from Tables III and IV, in which the average values of the results obtained 
are summarised as briefly as possible. 


Table IV. 


Duration 
of experi- 
mental Blood- Glycogen Glycogen Fatty acids Iodine 
feeding Nature of sugar in muscle in liver in liver value of 
Months diet % % % % fatty acids 
Average values for mice. 
Bread 0-148 _- —- 
“ 0-22 _- -0 
Cheese 0-31 _— “75 
” 0-198 — ese 
Casein — — 
Fat — — 
Average values for kittens. 


mt et DD DD ee 
Colm Dot Dope ES Nope Oe 


Bread “15 . 61 


Cream "377 — — 
Fish -162 I 6-9 . 96 
7" 0-322 — — 


DIsScussIon. 


(1) Blood-sugar. It seems somewhat paradoxical that animals on a carbo- 
hydrate-free diet should have a higher blood-sugar than control animals re- 
ceiving abundant carbohydrate in their diet. Nevertheless, our results point 
to this being the case. While the blood-sugar of control rats varied from 0-14 
to 0-16 °%, the values for rats on a carbohydrate-free diet for 1 to 2 weeks 
tended to be higher, 0-17 to 0-18 %, but normal values were obtained after 
longer periods of feeding. Thus, though the difference found in the case of rats 
after a fortnight’s feeding was not very marked it was always obtained, and 
with mice a very decided increase in the blood-sugar value resulted with all 
the non-carbohydrate diets used, while kittens fed on cream showed a very 
high blood-sugar. It is also interesting to note, in this connection, that with 
children Salomonsen [1929] has reported an increase in blood-sugar to follow 
the addition of fat to the diet. Further, it may be mentioned that Abder- 
halden and Wertheimer [1925] observed that, in rats on a carbohydrate-free 
diet, the hyperglycaemia produced by a subcutaneous injection of glucose was 
much greater than that produced in animals on a rich carbohydrate diet. On 
the other hand, these same authors [1924, 2] gave graphs showing the initial 
value for blood-sugar in rats on non-carbohydrate diet at the same level 
(0-11 %) as that of controls on a carbohydrate diet. Though no mention is 
made of the fact, the animals had probably fasted for some hours prior to the 
observations on blood-sugar being made, and support is given to this view as 
we found that after 12 to 24 hours without food, the blood-sugar of non- 
carbohydrate rats sinks to practically the same level as that of similarly 
treated controls. 
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(2) Muscle-glycogen. The estimates of muscle-glycogen in both control rats 
and those on non-carbohydrate diet were somewhat variable, and not much 
difference was found between the two sets of animals. Greisheimer and Johnson 
[1929] have recently reported an almost constant value of 0-32 % on five 
widely different diets. In cheese-fed rats we found the muscle-glycogen perhaps 
higher, certainly no lower, than in the controls. After 24 hours without food, 
there was a fall in the glycogen content of the muscle of cheese-fed rats, while 
no change was detected in that of the controls. 

No estimations were carried out on the glycogen content of the muscles of 
mice, but with kittens on the two types of diet animals on the non-carbo- 
hydrate diet had a considerably lower muscle-glycogen. 

(3) Liver-glycogen. The glycogen content of the livers of control animals 
was very constant, 6 % in kittens, 4 % in mice, and 3 % in rats, which values 
agree well with those quoted in the literature [Barbour et al., 1927]. The livers 
of animals fed on a non-carbohydrate diet did not become glycogen-free. In 
fact, with kittens on a diet of fish, the livers contained rather more glycogen 
than those of the control animals on bread and milk. The livers of cheese-fed 
rats and mice, on the other hand, contained less glycogen than those of the 
controls, but still contained a considerable quantity, the amount present, 
though somewhat variable, being within the limits (0-50-2-74 %) quoted by 
Magnuss6n [1929] for rats on a fatty diet. Our results are also consistent 
with the findings of Burn and Ling [1928] in experiments with rats on a diet 
consisting of butter-fat and salts. From a very low initial liver-glycogen of 
less than 0-1 %, these investigators obtained, during the first 4 days on 
the fat diet, a rise to 1-57 %. The origin of the liver-glycogen in animals re- 
ceiving a diet devoid of preformed carbohydrate does not concern us for the 
present, but it may be noticed, as pointed out above, that both the blood- 
sugar and muscle-glycogen tend to be higher in these animals than in the 
controls. 

After the withdrawal of food, there was a steady fall in the liver-glycogen, 
but the rate of fall was not so great as that found by other investigators. In 
the case of the animals on non-carbohydrate diet this might be explained by 
assuming that the process of gluconeogenesis might of necessity become accen- 
tuated when no carbohydrate was being supplied. However, as the decrease 
obtained with the control animals was also smaller and slower than usual, we 
consider the main factor concerned to be the conditions under which the ex- 
periments were carried out. Thus, all the animals took very little exercise 
during the experimental period, and were kept at ordinary room temperature 
(15°-16°), whereas Barbour and his co-workers, for example, used a tem- 
perature of about 30°, which undoubtedly would assist in depleting the store 
of glycogen in the liver. 

(4) Liver-fat. The fat content of the livers of control rats and mice varied 
only within small limits, and the fat had a high iodine value, though this 
fell somewhat on extending the period of feeding on the carbohydrate diet. 
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Naturally the fat content of the livers of animals on the non-carbohydrate 
excess-fat diet was higher than that of the controls, with a compensating fall 
in its iodine value. In kittens, however, practically no difference was found 
in the fat content of the liver of animals fed on bread and milk and on fish. 
The iodine values obtained were also identical and lower than those for 
rodents. In rats the maximum amount of fat was present after 10 to 14 
days’ feeding, but still higher values were obtained with mice after a pro- 


longed period. 

On the withdrawal of food overnight, little change was detected in the 
liver-fat content of the control rats, an almost constant value of 3-7 % being 
maintained. Rats on the non-carbohydrate diet, on the other hand, showed 
striking changes, the initial value of 7-2 °%, falling after a 12 hours’ fast to the 
same level as that of the controls, namely 3-7°%. Further, the fat which 
remained had a high iodine value, so that the more saturated fat was the first 
to disappear from the liver. 

Reviewing the results as a whole, Rosenfeld’s law regarding the antagonism 
between the fat and glycogen in the liver is supported in a general way in the 
case of animals which have not fasted, but not in animals which have fasted. 
Moreover, it is difficult to increase the fat content of the liver beyond twice 
the normal amount, and the liver-glycogen never in any circumstances dis- 
appears entirely. In fasting animals there is a fall in both liver-glycogen and 
liver-fat, but while the former proceeds slowly, the latter occurs with extreme 
rapidity. Whether the disappearing fat is utilised or simply transferred to 
the fat depots is a problem which awaits further investigation. 

Depisch and Hasenéhrl [1929] consider that the administration of fat 
renders the liver-glycogen more labile. Our results suggest that this change 
in the behaviour of the liver-glycogen may be brought about not only by fat 
but by any non-carbohydrate diet. Thus, as under these conditions the liver- 
glycogen is not increased in amount while the blood-sugar level shows a 
tendency to be high, the liver must discharge glucose into the blood more 
readily, for as Soskin [1927] has shown, the liver-glycogen is the sole source 
0: supply of the blood-sugar. This is in agreement with Macleod’s [1929] 
statement that the ease with which the liver maintains the blood-sugar level 
is dependent not so much on the actual glycogen content of the liver as on 
the “sensitivity of the glycogenolytic mechanism.” 

Finally, it is rather remarkable that, after a 12 to 24 hours’ fast, not much 
difference exists between rodents on a non-carbohydrate diet and those on the 
control diet, not only with regard to the liver-fat content but also with regard 
to blood-sugar, and both muscle- and liver-glycogen. Nevertheless, as will be 
shown in subsequent sections of this research, the metabolic condition of the 
animals is widely different. 
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SUMMARY. 


Animals on carbohydrate-rich and carbohydrate-free diets are compared 
with regard to their blood-sugar, muscle-glycogen, liver-glycogen and liver-fat 
contents. 

In rats on a carbohydrate-free diet, the blood-sugar tends to be high, there 
is practically no change in the muscle-glycogen but a large increase in the 
liver-fat content, and the liver-glycogen is reduced to half that on a carbo- 
hydrate diet. 

With mice similar results are obtained, but with kittens only slight differ- 
ences are detected on the two types of diet. 

The fasting of rats for a period of 12 to 24 hours causes a very rapid dis- 
appearance of the excess of fat from the liver, a slow fall in both muscle- and 
liver-glycogen, and a fall in blood-sugar to the normal fasting level of 
0-11 to 0-12 %. 


The authors take this opportunity of expressing their indebtedness to 
Professor P. T. Herring for his advice and help throughout the course of the 
work, and also to the Carnegie Trust for a scholarship, which enabled one of 
them (D. L. R.) to take part in this investigation. 
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INTRODUCTION. 


JAUNDICE is a condition consequent upon an excess of bile pigments in the 
blood; of these pigments the most thoroughly investigated is bilirubin. In the 
course of a study of the bilirubin content of blood-serum, van den Bergh [1923] 
made the important discovery that two forms of bilirubin are to be met with; 
these are distinguished by their behaviour towards Ehrlich’s diazo-reagent. 
Bilirubin forms a coloured azo-compound with this reagent in the presence of 
alcohol, and icteric blood-sera also react under these conditions, but, as van 
den Bergh was able to show, in some cases of jaundice the sera can form the 
coloured compound in the absence of alcohol. Sera, therefore, can be divided 
into two main classes, viz. (i) those giving a prompt reaction when reagent 
only is added: the so-called van den Bergh direct reaction, and (ii) those in 
which the coloured compound is produced only after addition of alcohol: the 
so-called van den Bergh indirect reaction. A very delayed reaction (20 minutes 
or more) with reagent alone is not considered a direct reaction. 

Exactly wherein lies the difference between the pigment giving the direct 
reaction, and that giving the indirect, has been a matter of much investigation. 
Notwithstanding, there is still no unanimity of opinion on the subject. Van 
den Bergh was inclined to the view that the difference depends either upon 
some slight variation in the bilirubin molecule, or, in the case of the indirect 
reaction, upon the fact that the bilirubin is in combination with protein, which 
combination must be broken down by the addition of alcohol before the reac- 
tion can proceed, Thannhauser and Andersen [1921], on the other hand, postu- 
lated that the pigment giving the indirect reaction was not bilirubin, whereas 
Collinson and Fowweather [1926] hold that, whilst free bilirubin is responsible 
for the indirect reaction, it is ammonium bilirubinate which gives the direct. 
Davies and Dodds [1927] have suggested that the indirect reaction is due to 
oxidation products of bilirubin, which is the pigment of direct-reaction serum. 
Further explanations have been advanced by Roberts [1928], Newman [1928] 
and others. In this paper we present what we believe to be new and important 
observations on this subject. It will be apparent that, whilst bilirubin is 
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responsible for the indirect reaction in serum, the pigment in direct-reaction 
serum is in many respects quite dissimilar to bilirubin or to its ordinary salts. 


METHODS. 


The original van den Bergh reagent was used, and in carrying out the test 
equal quantities of reagent and of solution or serum to be tested were taken. 
Merck’s bilirubin was used in the main, but certain experiments were per- 
formed with a sample of bilirubin prepared from gallstones by Kiister’s method 
[1909] which gave results identical with the pure Merck’s product. Colori- 
metric quantitative determinations were not made, as both cobalt and per- 
manganate colour-ranges were represented in various experiments, the colour 
of the azo-compound apparently varying with the nature of the solvent and 
the final py of the reaction mixture. py determinations were made with the 
glass electrode [Kerridge, 1925]. The fallacies of colorimetric methods are 
well-known, and tests of the quinhydrone electrode against the glass electrode 
showed the former to give fallacious values in the presence of alcohol and the 
nitrite of the reagent. 

EXPERIMENTAL. 


Davies and Dodds [1927] and Newman [1928] state that bilirubin prepared 
from gallstones, or from bile (by acidification and extraction with chloroform), 
dissolves in serum to yield a solution giving a prompt direct diazo-reaction. 
Andrewes [1924], however, observed that the residue from the chloroform 
extract of bile, after evaporation to dryness and solution in weak alkali, gave 
only an indirect reaction. That bilirubin gives only an indirect reaction has 
also been recorded by Roberts [1928] who describes the formation of a colloidal 
solution when a small volume of a chloroform-alcohol solution of bilirubin is 
poured into water; this colloidal solution remained unchanged for weeks and 
gave a greatly delayed diazo-reaction. A similar reaction was given by serum 
containing colloidal bilirubin. Addition of alcohol produced an instantaneous 
reaction. The bilirubin did not dialyse, but was capable of extraction with 
chloroform. 

We have found that if Merck’s bilirubin be ground up with normal human 
or ox-serum and centrifuged, a clear brown solution remains. This apparently 
contains bilirubin in colloidal state, since it cannot be removed by further 
centrifuging, and no dialysis occurs through a collodion membrane. The solu- 
tion gives no immediate direct diazo-reaction. A faint reddish-brown colora- 
tion develops in the reaction mixture after standing for some 20 minutes. On 
addition of alcohol, however, an immediate violet-pink reaction is obtained. 
These observations confirm the findings of Roberts [1928] quoted above. 

Treatment of the bilirubin with a little N/2 sodium hydroxide prior to 
solution in serum (with a view to forming sodium bilirubinate) yields a solution 
still giving no direct diazo-reaction, provided the sodium hydroxide is not in 
excess: the bilirubin is still soluble in chloroform. Indeed, bilirubin does not 
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become insoluble in chloroform until sufficient sodium hydroxide has been 
added to raise the initial p, of the solution to 10-7, which is well beyond 
physiological limits for serum. We found that addition of bile salts, cholesterol 
and lecithin to this solution of bilirubin did not induce a reaction. 

Since sodium hydroxide, added in sufficient amount, has been found to 
convert an indirect-reaction serum into one giving a direct reaction [Newman, 
1928], we proceeded to determine the conditions of this reaction as affects a 
suspension in serum of pure bilirubin. By adding graduated amounts of N/2 
or N/5 sodium hydroxide to a solution of Merck’s bilirubin (5 mg. per 100 cc.), 
the concentration of the bilirubin being kept constant by the addition of com- 
pensating amounts of serum, it was found that a cherry-red direct reaction 
was obtained when the final p,, of the mixture (serum and reagent) was in the 
region of 6-0. When the py was 5-0, a faint colour only was produced; and at 
Px 7-9 no red colour appeared, the mixture taking on a brownish tint (Table I). 


Table I. Addition of sodium hydroxide to bilirubin in serum. 


Bilirubin N/5 
inserum NaOH Serum Initial Final 
Exp. ce. ce. ce. Pu Pu Colour changes 
1 1-0 0-2 0-8 917 4-29 Slight reddish tint after 20 minutes 
1-0 0-4 0-6 9-96 5-00 Reddish-brown in 10 minutes 


1-0 0-6 0-4 10-57 6-18 Immediately reddish-brown: cherry- 
red in 10 minutes 


1-0 0-8 0-2 11-14 7-87 No colour developed 


It will be seen from this table that the py of the serum must be approxi- 
mately 10-0 before addition of an equal quantity of reagent will induce a 
definite prompt reaction. With normal serum the final py of a mixture of 
equal parts of serum and reagent is 2-30-2-40, a value which is too low to 
enable coupling to take place in the case of pure bilirubin. 

M’Gowan [1930] has postulated that the type of van den Bergh reaction 
given by a serum is related to its alkali reserve; that is to say, an indirect 
reaction results if the alkali reserve of the serum is diminished. This explana- 
tion did not seem to be adequate since the serum used by us had a normal 
alkali reserve. However, in order to test this point further, we added varying 
amounts of a 5 % solution of sodium bicarbonate in serum to fixed quantities 
of a suspension of bilirubin in serum (5 mg. per 100 cc.). A cherry-red reaction 
was obtained only when the py of the mixture of serum and reagent was 6-05, 
and a rose reaction at py 5-56. These values for p,, are those actually measured 
and the respective alkali reserves were approximately equal to a combining 
power of 310 and 285 cc. of CO, per 100 cc. of serum. It is obvious that such 
changes in alkali reserve as are encountered in the circulating blood cannot 
influence the reaction. 

As we have seen, the py of serum containing bilirubin must be raised very 
considerably before prompt coupling occurs on addition of an equal quantity 
of reagent. At this py bilirubin exists largely in the form of a salt, soluble in 
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water, but practically insoluble in chloroform; in fact, it is fairly certain that 
free bilirubin, being insoluble in water, is incapable of rapid coupling in this 
medium. At the pg of blood the greater part of the bilirubin must be in the 
free condition as a result of hydrolysis, and this is probably the principal 
reason for its inability to react. This view is strengthened by the fact that 
addition of reagent sufficient to lower the py to about 6-0 does not induce a 
reaction in serum containing bilirubin. 

As a result of many experiments on these lines, we were forced to conclude 
that pure bilirubin is identical neither with the pigment of direct-reaction 
serum, nor with the product used by Davies and Dodds [1927] and by Newman 
[1928]. 

The isolation of “ direct-reaction” pigment. 

The following experiments were carried out on golden-brown bile from the 
cadaver, which gave a good direct van den Bergh reaction: samples failing in 
this were not employed. Ox-bile from the slaughter-house was also used. 

Hydrochloric acid was added to bile until it was acid to Congo red, a green 
sludge or precipitate forming; the mixture was shaken with chloroform and 
allowed to stand overnight; thereafter, the chloroform fraction was separated 
and evaporated to dryness under coal-gas, as described by Newman [1928]. 
A green-brown pigment was thus obtained, giving a direct red diazo-reaction 
when taken up in serum, and a delayed violet reaction with the reagent alone, 
reactions which were more apparent when no particular care had been taken 
to prevent admixture of the precipitate with the chloroform fraction. In these 
respects, the pigment differed from pure bilirubin, although it gave the in- 
direct reaction with alcohol and was soluble in chloroform. 

At this stage, the idea of testing the aqueous fraction after extraction with 
chloroform occurred to us. We found that it gave an immediate violet colour 
on addition of diazo-reagent; the precipitate being especially active in this 
respect. Using another specimen of bile, the precipitate was separated and 
extracted with chloroform in a Soxhlet apparatus until only a trace of pig- 
ment entered the chloroform. The chloroform was evaporated, and the dry 
residue was found to give, when dissolved in serum, the prompt red direct 
reaction described by other workers, as well as the violet chloroform-alcohol 
reaction similar to that of bilirubin. The precipitate itself, after extraction with 
chloroform, possessed the following properties: (1) it dissolved in water, and 
gave a somewhat delayed violet reaction on addition of reagent; (2) when 
treated directly with reagent, it developed a violet coloration, which emerged 
from the precipitate and spread through the solution; (3) it was readily soluble 
in alcohol, yielding a greenish solution which gave an intense immediate violet 
colour with the diazo-reagent; (4) in serum, it dissolved to give a prompt red 
direct reaction, the intensity of the colour depending upon the concentration, 
and tending more towards red-violet in high concentration and at low py; 
(5) it was unstable in presence of acids, and readily became oxidised, when it 
lost its reactivity to the prompt reaction, but retained the ability to react in 
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presence of alcohol. This appeared to be the clue to the problem. Apparently 
another pigment is present in bile, and is quite likely to find its way into the 
bilirubin which is prepared from bile under ordinary conditions. 

With the idea of isolating this “direct-reaction” pigment, bile was desic- 
cated in vacuo, and then treated with alcoholic hydrochloric acid (about 2 %) 
until the residue was acid to Congo red. After again drying in vacuo, the 
residue was extracted with chloroform in a Soxhlet apparatus until only a 
trace of pigment entered the chloroform. If the chloroform were then changed, 
it could be shown that the small amount of pigment dissolved in the final 
stages of the extraction had the properties of the “direct-reaction” pigment, 
and not of bilirubin, the “direct-reaction” pigment being sparingly soluble in 
the warm chloroform. The extracted residue, almost insoluble in chloroform, 
was dried in vacuo, and then presented the appearance of a greenish-yellow 
powder having the properties of the precipitate described above. Some speci- 
mens of bile were found to be very sticky even after drying in vacuo. Such 
specimens were extracted with ether, to remove fat, etc., before treatment 
with chloroform. In the first stages of ether-extraction, a small amount of 
yellow pigment is removed; this does not affect the character of the final 
product. Earlier attempts at the isolation of the “direct-reaction” pigment 
were frustrated by its extreme instability in acids and in presence of air; under 
these conditions, it readily became green, and lost its capacity of giving a 
direct reaction, though retaining its indirect reaction. The greatest care is 
necessary to avoid undue exposure to air and excessive acidity, but, once 
prepared and sealed in a glass tube, it keeps fairly well. 

As stated above, the “direct-reaction” pigment from bile forms a coloured 
compound on addition of pure reagent; the py, of this reagent is approximately 
1-2. In this respect, the pigment differs entirely from bilirubin, which gives 
no reaction with the pure reagent, but reacts most promptly (in absence of 
alcohol) in alkalinised serum at a final py of 6-0, almost ceasing to give a 
direct reaction at py 5-0. Moreover, we have found that bile exhibiting a 
direct reaction will continue to react at a py so low as 1-3, as will also direct- 
reaction icteric serum. Higher acidity than this merely delays the appearance 
of the reaction-colour. The “direct-reaction” pigment, therefore, in contrast 
to bilirubin, is capable of coupling at a very low py. 


Oxidation of “direct-reaction” pigment. 


““Direct-reaction” pigment isolated from bile loses its power of giving a 
direct diazo-reaction after standing in air for several hours, the loss in reac- 
tivity beg accompanied by a change in colour from greenish-yellow to bright 
green. The product continues, however, to give a prompt reaction in alcohol 
for a considerable time. Since it has been stated that biliverdin gives a diazo- 
reaction in presence of alcohol, it seemed possible that the “direct-reaction” 
pigment changed gradually into biliverdin. Van den Bergh [1923] stated 
that biliverdin gives no diazo-reaction. Davies and Dodds [1927] claimed that 
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it gives a direct reaction only after 12 hours, but that it gives an immediate 
indirect reaction. Newman [1928] has confirmed its very delayed direct reac- 
tion. We prepared biliverdin by passing a stream of oxygen for one hour 
through a warm solution of Merck’s bilirubin in N/2 sodium hydroxide. The 
pigment, which was now green, was precipitated with hydrochloric acid, 
filtered off, washed and dried as described by Stadeler [1909]. It was found 
to be insoluble in water, and almost so in cold chloroform, but freely soluble 
in alcohol, in which solvent it did not begin to give a diazo-reaction for 
24 hours, and then only feebly. Since the green oxidation product of the 
“‘direct-reaction” pigment is soluble in water and yields an immediate and 
intense diazo-reaction in alcohol, it cannot be biliverdin. 


Discussion. 


In the first place we feel convinced that the very conflicting views con- 
cerning the nature of the pigments in the blood in jaundice are directly 
attributable to the fact that investigators have not taken the precaution to 
work with pure bilirubin. Having established beyond doubt that pure bili- 
rubin is incapable of reproducing the properties of the pigment in direct- 
reaction serum, we were forced to conclude that another pigment, differing 
in certain respects from bilirubin, must be present in such sera. We have 
described at some length the isolation of this pigment (probably in an impure 
form) from bile, and the various respects in which it differs from bilirubin. 
The “‘direct-reaction” pigment, as we have called it, has the necessary physico- 
chemical properties to justify the conclusion that its existence in the serum 
in certain cases of jaundice is responsible for the direct diazo-reaction en- 
countered in such cases. This pigment, as well as its oxidation product, gives 
the indirect diazo-reaction as does bilirubin. It will be obvious that, if bili- 
rubin be not carefully purified, it may quite easily contain some of this 
“direct-reaction” pigment or its oxidation product, and it seems reasonable 
to suppose that this has often been a source of error. 

It has been observed by Griimenburg [1922] and confirmed by Andrewes 
[1924], Roberts [1928] and by Newman [1928] that the pigment of direct- 
reaction icteric serum is not soluble in chloroform even after acidification, 
whereas the pigment of indirect-reaction icteric serum is soluble in chloroform 
even in the absence of acid. This difference in solubility is capable of explana- 
tion, since, as we have described, “direct-reaction” pigment prepared from 
bile is almost insoluble in cold chloroform, whereas bilirubin is fairly soluble 
in this solvent. 

Van den Bergh [1923] observed that the pigment in direct-reaction serum 
is much more susceptible to oxidation than is the pigment of indirect-reaction 
serum. We have remarked the instability of “‘direct-reaction” pigment in air, 
and serum containing this pigment in solution loses its reactivity fairly rapidly 
on standing in contact with air. 

At the py of the blood bilirubin appears to exist as a free acid in colloidal 
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state and does not react with diazo-reagent. Before coupling can occur the 
Py of the serum must be high, and the final py, between 5-0 and 7-0. Bilirubin 
couples in alcohol, or in a mixture of chloroform and alcohol, in which it is 
soluble, almost independently of the final p, of the medium, which may be as 
low as 1-7; low py values merely delay the development of the colour. 

“Direct-reaction” pigment, however, reacts under conditions which differ 
widely from those of bilirubin. Being water-soluble at reactions more acid 
than that of blood-serum, it couples quite easily even at py 1-0, the rate of 
reaction and the colour of the diazo-compound changing with increasing py. 
As the py becomes low the appearance of the colour is more delayed, and the 
tint becomes more violet. Unlike bilirubin, too, it develops in serum an 
immediate direct red reaction, of great intensity, and with a tendency to a 
final violet-red tint. 

As a result of these investigations we feel justified in supposing that serum 
giving a direct diazo-reaction contains the water-soluble, chloroform-insoluble 
pigment which we have found to be present in fresh cadaver bile. We have 
compared the properties of serum in which this “direct-reaction” pigment 
has been dissolved with normal direct-reaction sera from cases of jaundice, 
and the identity of the two classes of sera has entirely confirmed this view. 
These observations will be described in a subsequent communication. All 
icteric sera give an indirect van den Bergh reaction; this follows from the fact 


Table Il. Properties of bilirubin and “direct-reaction”’ pigment. 


“ Direct-reaction” pigment 


Bilirubin 
(probably impure) 


2ed-brown in colour 

Insoluble in water 

Forms water-soluble alkaline salts 

Soluble in chloroform and alcohol; forms col- 
loidal suspension in serum 

Stable in air in the dry state 

No coupling with diazo-reagent alone. Diazo- 
coupling occurs in buffered alkaline phos- 
phate, alcohol and chloroform-alcohol mix- 
ture. In case of alkaline solution of bilirubin 
final py after addition of reagent must be 
between approx. 5-0 and 7-0 

In serum, no diazo-coupling, or at the most a 
slight red-brown colour after standing 20-30 
minutes 

In serum it is not adsorbed on to protein pre- 

cipitated by alcohol 

Oxidation of alkaline solution 
’ 
Biliverdin 

Green in colour 

Insoluble in water and chloroform. Soluble in 
alcohol 

No direct diazo-reaction. Very delayed diazo- 

| reaction in alcohol 


? Greenish yellow colour 

Soluble in water and in alcohol; very slightly 
soluble in chloroform 

Soluble in serum 

Unstable in air, especially in the presence of 
acids 

In reagent alone, a delayed purple diazo-reac- 
tion 

Immediate and intense red direct diazo-reaction 
in water or in serum 

Range of py after addition of reagent over 
which coupling occurs approx. 1-0-5-0 


In serum it is adsorbed largely on to the protein 
precipitated by alcohol 
Oxidation 


vy 
A green pigment 
Soluble in water, readily so in alcohol, some- 
what unstable in air 


No direct diazo-reaction 
Immediate and intense purple diazo-reaction 
in the presence of alcohol 
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that both “‘direct-reaction”’ pigment and bilirubin give indirect reactions. In 
those sera, however, which do not give a direct, but only an indirect reaction, 
the pigment present is apparently bilirubin. The presence of bilirubin may be 
confirmed by testing the degree of chloroform-solubility of the pigment; when 
this is high much bilirubin would seem to be present. 

The properties of bilirubin, of the “direct-reaction” pigment, and of their 
respective oxidation products are summarised in Table II. It seems probable 
that: “direct-reaction” pigment is closely related to bilirubin but at the 
present time we have no knowledge of its chemical nature. 


SUMMARY. 


1. Pure bilirubin, when suspended in blood-serum, does not give a prompt 
direct van den Bergh reaction; serum containing bilirubin does, however, give 
the indirect reaction. 

2. Fresh bile contains a pigment which, when taken up in serum, yields 
a prompt direct reaction. The term “‘direct-reaction pigment” has been applied 
to this substance, and its isolation from bile in an impure state is described. 

3. “‘Direct-reaction pigment” is not bilirubin or one of the ordinary salts 
of bilirubin; it differs from bilirubin in its physico-chemical properties and in 
respect of the conditions under which it will couple with diazo-reagent. 

4. It is concluded that “direct-reaction” pigment of bile is present in 
those icteric sera which give a direct van den Bergh reaction. 


We wish to thank Professor Hugh MacLean, at whose suggestion this re- 
search was carried out, for his helpful advice and criticism and for facilities 
placed at our disposal. One of us (W. J. G.) desires gratefully to acknowledge 
assistance received from the Medical Research Council. 
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EvivENcE has been accumulating which indicates that intermediate substances 
other than hexosediphosphate may play a part in the breakdown of glycogen 
to lactic acid in mammalian muscle. Simpson and Macleod [1927] showed 
that when muscle is removed from decapitated cats with precautions to pre- 
vent twitching, frozen in liquid air, pulverised, and then allowed to thaw, 
glycogen disappears much more rapidly than lactic acid accumulates. At the 
same time the inorganic phosphorus shows a slight increase instead of the 
decrease which would be expected if the glycogen which disappeared had been 
broken down to hexosediphosphate. In more recent experiments Thomas and 
Macleod [see Macleod, 1929] found that if the pulverised muscle were allowed 
to stand for a longer period the amount of lactic acid which finally accumu- 
lated sometimes exceeded the initial amount of glycogen. These results seem 
to show that the glycogen breaks down rapidly into some intermediate sub- 
stance from which lactic acid is derived more slowly. The initial presence 
of this substance in muscle would explain the excess of lactic acid produced 
over the glycogen originally present. The presence of a trisaccharide during the 
breakdown of glycogen by muscle enzyme has recently been demonstrated 
by Barbour [1930]. 

In intact muscle after death glycogenolysis sets in very slowly. Mackay 
[1928] compared the percentages of glycogen in certain muscles removed under 
ether anaesthesia from one hind-limb in rabbits with the corresponding muscles 
of the opposite limb removed at varying intervals after death and found, in 
most cases, that up to 1 hour after death there was no appreciable difference. 
Sometimes there was an apparent increase in the muscles which had stood 
after death. This result was confirmed by Macleod and Fraser [see Macleod, 
1929] who eliminated the possibility that the difference might be due to there 
being more blood in the living muscle by removing two control muscles im- 
mediately after death and the two corresponding muscles of the opposite side 
1 hour after death in rabbits killed by an overdose of chloroform. In a series of 
22 such experiments it was found that the glycogen of the muscle removed 
1 hour after death exceeded that of the corresponding muscle of the opposite 
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side removed immediately in 12 cases, and was less in 10 cases; in every case 
there was a distinct but relatively small increase in lactic acid in the muscle 
which had stood for 1 hour after death. 

These results suggest the presence in mammalian muscle of an intermediate 
substance from which lactic acid and sometimes glycogen can be formed after 
death. In drawing such a conclusion however it has to be assumed that the 
corresponding muscles of the two sides contain approximately the same per- 
centages of glycogen at the time of death, and the first part of the present paper 
shows to what extent this assumption is justified. For other reasons also it is 
most important to have accurate information regarding the quantitative dis- 
tribution of glycogen in the musculature of mammals [see Macleod, 1929]. 


Part I. 


A comparison of the glycogen content of corresponding muscles 
of opposite sides of the body. 


Pfliiger [1903] found close agreement in the glycogen content of the muscu- 
lature of opposite limbs in different animals, and Elias and Schubert [1918] 
found, in animals under urethane anaesthesia, that the mean difference in 
glycogen content between corresponding muscles of opposite sides was only 
2-3 %; in one experiment “without anaesthesia” however a difference of as 
much as 16 % is recorded. Long [1928] obtained similar results in cats under 
amytal anaesthesia, the average difference in the two gastrocnemii being 
3:2 %. Best, Hoet and Marks [1926] found in the decapitated, eviscerated cat 
preparation differences between individual corresponding muscles of the 
opposite sides of as much as 20 % , but, when the average values for five muscles 
on each side were compared, the differences were small (4% and 7 % in the 
two experiments recorded). This suggests that the differences between corre- 
sponding muscles may be partly due to unavoidable variations in the technique 
of removal. 

Rabbits fed on the usual stock ration were used in the first experiments. 
They were anaesthetised with chloroform, administered slowly to reduce 
struggling to a. minimum, and then killed by giving an overdose. Immediately 
after death three corresponding muscles were dissected out on each side with 
as much care as possible to avoid mechanical irritation. The dissected muscles 
were then dropped into hot 60% potassium hydroxide and the glycogen 
content determined by Pfliiger’s method, the reducing substance being esti- 
mated by the modified Shaffer-Hartmann method!. The results of four such 
experiments are given in Table I. 

There is, as a rule, marked inequality of glycogen content in corresponding 
muscles of opposite sides, the variations being as great as the post mortem 
changes found by Macleod and Fraser. When the average of the three muscles 
on each side is taken, correspondence on the two sides is reasonably close. 

1 The experimental error of the entire method does not exceed + 0-02 %. 


Biochem. 1930 xxiv 89 
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Table I. Glycogen (as glucose) °/, in corresponding muscles of legs of 
chloroformed rabbits. 


Glycogen-glucose (%) Difference 
ft compared 


No. Muscle Right Left with right Remarks 


I, Gastrocnemius 0-41 0-41 — — 
Gracilis 0-43 0-31 —0-12 — 
Tib. anticus 0-52 0-49 —0-03 No contractions 


Average 0-45 0-40 


. Gastrocnemius 0-48 0-20 _ 
Gracilis 0-43 0-58 — 
Tib. anticus 0-27 0-26 Contractions 


Average 0-39 0-35 


. Gastrocnemius 0-62 0-47 CHCl, given very gradually 
Gracilis “6 0-48 _- 
Tib. anticus ; 0-79 No contractions 
Average , 0-58 
. Gastrocnemius , 0-63 CHCl, given rapidly 


Gracilis . 0-47 — 
Tib. anticus 5 0-34 No contractions 


Average +52 0-48 


In the next experiments the decapitated cat preparation was used. The 
animals were anaesthetised with chloroform, decapitated and, as a rule, evis- 
cerated, after which they were allowed to rest for an hour on a warmed table; 
artificial respiration was maintained throughout and it was assumed that at 
the end of the hour the anaesthetic would have been removed from the tissues. 
Three corresponding muscles on each side were dissected out and removed 
immediately before or after death by bleeding. (To study the post mortem 
changes in glycogen, three other muscles on the right side were removed 
at the same time, and the corresponding muscles on the left side removed 
1 hour after death. The results of these observations on post mortem behaviour 
of glycogen are given separately in Part II of this paper, Table V.) 

The results of six experiments are given in Table II. 

In two cases only is there agreement within the experimental error between 
individual corresponding muscles of opposite sides and the differences ex- 
pressed as a percentage of the larger amount not infrequently exceed the 
maximum (20 %) mentioned by Best, Hoet and Marks. If, as these authors 
assume, the differences are largely due to difference in handling of the muscles, 
they cannot be satisfactorily allowed for by averaging the results of three 
muscles. In view of the foregoing results it was decided to study the glycogen 
of the entire musculature of opposite legs. For this purpose rats, previously 
fed on a uniform (McCollum) diet, were chosen. 

In the first observations the animals were killed by stunning, the abdomen 
was opened, and the hind-quarters were separated by cutting through the 
vertebral column; after skinning, the sacrum was bisected longitudinally with 
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Table II. Glycogen (as glucose) °/, in simultaneously removed corresponding 
muscles of legs of decapitated cats. 


Glycogen-glucose (%) Difference 
Left compared 
No. Muscle Right Left with right Remarks 
I. Gracilis 0-51 0-54 +0-03 — 
Tib. anticus 0-37 0-26 -0-11 One hour after decapitation 
Flexor carpi ulnaris 0-33 0-38 +0-05 and evisceration 


Average 0-40 0-39 


. Gracilis 0-55 0-49 
Tib. anticus 0-41 0-36 One hour after decapitation 
Flexor carpi ulnaris 0-45 0-49 


Average 0-47 0-45 


. Gracilis 0-41 0-38 One hour after decapitation 
Tib. anticus 0-41 0-45 and evisceration 
Flexor carpi ulnaris 0-27 0-39 _ 


Average 0-36 0-41 


. Gracilis 0-59 0-61 One hour after decapitation 
Tib. anticus 0-49 0-62 and evisceration 
Flexor carpi ulnaris 0-53 0-58 — 


Average 0-54 0-60 


- Gracilis 0-14 0-18 One hour after decapitation 
Tib. anticus 0-21 0-28 and evisceration 
Flexor carpi ulnaris 0-38 0-42 Asphyxiated 


Average 0-24 0-29 


. Gracilis 0-50 0-50 a 
Tib. anticus 0-59 0-50 —0-09 a 
Flexor carpi ulnaris 0-32 0-33 +0-01 Asphyxiated 


Average 0-47 0-44 


One hour after decapitation 


a sharp scalpel, the feet were cut off, and the remainder of each hind-leg was 
dropped into hot 60 % potassium hydroxide in tared flasks. After the usual 
heating followed by precipitation of the glycogen, the bones were collected on 
a filter paper along with the precipitate, and after the glycogen had been 
dissolved with several small quantities of hot water the bones were weighed 
moist and their weight was subtracted from that of the limb to give the weight 
of muscle. 

The results obtained on 12 rats are given in Table III. 

It is seen that there is in many cases marked inequality between the two 
legs. Spasmodic muscular contractions always occurred at death and this 
rendered the experiment inconclusive, since these contractions, occurring in 
the absence of an adequate blood flow, would cause a rapid disappearance of 
glycogen. 

A method of killing was however found which usually eliminated any 
muscular contractions at death. The rats were placed on a block and, when 
quiet, were cut in two by a smart blow with a heavy butcher’s cleaver. Pro- 
vided transection was performed well behind the fore-limbs, there was usually 

89—2 
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Table III. Glycogen (as glucose) °/, in muscles of hind-legs of stunned rats. 


Glycogen-glucose (% Difference 
Left compared 

No. Right Left with right 
0-31 0-30 -0-01 
0-14 0-18 +0-04 
0-18 0-18 — 
0-28 0-32 +0-04 
0-22 0-26 +0-04 
0-34 0-25 — 0-09 
0-29 0-33 4-0-04 
0-17 0-22 +0-05 
0-25 0-24 —0-01 
0-22 0-23 +0-01 
0-27 0-24 — 0-03 
0-21 0-25 +0-04 


1 
SCOBNASARWdHe 


dln 
noe 


no movement of the hind-limbs after death. The hind quarters were then 
rapidly skinned, the sacrum was bisected, and the legs were treated as 
described above. 


Table IV. Glycogen (as glucose) °/, in leg muscles of rats killed 
by body transection. 


Part 1. Without contractions 

Glycogen-glucose (%) Difference 

Left compared 

Right Left with right 
0-207 0-183 — 0-024 
0-217 0-218 +0-001 
0-121 0-127 +0-006 
0-270 0-275 +0-005 
0-233 0-245 +0-012 
0-264 0-249 —0-015 
0-246 0-253 +0-007 
0-211 0-210 —0-001 


A 
° 


1 
2 
3 
4 
5 
6 
7 
8 


Average 0-220 0-221 


With contractions 

0-145 0-211 
0-205 0-137 
0-178 0-141 
0-143 0-177 
0-228 0-305 
0-103 0-081 
0-195 0-224 


IA OR be 


Average 0-171 0-182 


Table IV, Part 1, shows the results obtained in a series of eight rats in 
which no movements of the hind-limbs were visible after transection; it will 
be noticed that the differences between the two legs are very small, not ex- 
ceeding 0-02 % except in one case when it was 0-024 %. In Table IV, Part 2, 
obtained in a series of seven rats in which spasmodic movements of the hind- 
limbs occurred, the differences are much greater, the average being 0-049 %. 
The general conclusion may be drawn that the glycogen content of the entire 
musculature of the hind-limbs is equal on the two sides, provided that there 
have been no spasmodic muscular movements of the limbs at the time of 





MUSCLE GLYCOGEN 1413 


death. It will also be noted that with one exception the muscle glycogen in 
different rats is fairly constant in the absence of contractions but varies greatly 
when these occur. The average for the former group is 0-22 %, or excluding 
No. 3 0-235 %, which is somewhat below that given by Barbour, Chaikoff, 
Macleod and Orr [1926], viz. 0-25 %. The difference is probably due to the fact 
that fasting in the present observations occurred at room temperature, whereas 
in those of Barbour, etc. it occurred at 29°. 


Part II. 


The behaviour of glycogen in intact mammalian muscle after death. 


The post mortem behaviour of glycogen was next studied. Two prepara- 


tions were used. 
(1) The decapitated cat. Three muscles of the right side were removed at 


Table V. Glycogen (as glucose) °/, in corresponding muscles of the two sides 
removed either immediately or 1 hour after death (in decapitated cats). 


Glycogen- 
glucose % 


Imme- Lactic 

diately Difference acid in 

after 1 hour Left blood 

death ater compared (mg. per 

Muscle (Right) (Left) with right 100cc.) Remarks 

Rectus femoris 0-20 0-29 +0-09 _— Muscular contractions during 
Gastrocnemius 0-30 0-47 +0°17 — bleeding 
Biceps 0-30 0-46 +0-16 25-26 


Average 0-27 0-41 
Rectus femoris 0-69 0-53 During dissection muscles of 
Gastrocnemius 0-36 0-40 fore-limbs showed twitching 
Biceps 0-62 0-47 

Average 0-56 0-47 
Rectus femoris 0-34 0-35 No muscular contractions 
Gastrocnemius 0-42 0-48 
Biceps 0-33 0-25 


Average 0-36 0-36 


Rectus femoris 0-65 0-54 Feeble contractions during 


Gastrocnemius 0-47 0-47 bleeding 
Biceps 0-45 0-42 


Average 0-52 0-48 


Rectus femoris 0-25 0-29 Preparation asphyxiated prior 
Gastrocnemius 0-32 0-30 to bleeding 
Biceps 0-27 0-32 


Average 0-28 0-30 


Rectus femoris 0-41 0-36 Preparation asphyxiated prior 
Gastrocnemius 0-57 0-49 to bleeding 
Biceps 0-38 0-30 : 


Average 0-45 0-38 
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death (see p. 1411) and three on the left side were left in situ at room tem- 
perature for 1 hour, being wrapped in gauze damped with physiological saline 
so as to avoid loss of water. 

Table V, which should be examined along with Table II, shows the same 
lack of agreement between corresponding muscles of opposite sides removed 
an hour apart as was observed in muscles removed simultaneously. On the 
other hand, the averages for the muscles removed 1 hour after death when 
compared with those removed at death, show close agreement of glycogen on 
the two sides in three cases (3, 4 and 5); a considerable decrease after death in 
two cases (2 and 6), and an increase after death in one case (1). No evidence 
of post mortem synthesis of glycogen in intact mammalian muscle is therefore 
furnished by these experiments. 

(2) The rat killed by spinal transection. Eight rats were killed by spinal 
transection and, provided no contractions occurred, the right leg of each was 
immediately thrown into hot 60° potassium hydroxide, while the left leg 
was kept at room temperature covered with damp gauze for 1 hour after death; 
the foot was then cut off and the remainder of the leg thrown into hot potas- 
sium hydroxide. 


Table VI. Comparison of glycogen (as glucose) °/,, in leg muscles of rats 
emmediately after and 1 hour after death by body transection. 


Glycogen-glucose % 


Immediately Difference 
after death 1 hour later Left compared 

(Right) (Left) with right 
0-299 0-308 +0-009 
0-368 0-363 — 0-005 
0-293 0-281 —0-012 
0-184 0-175 — 0-009 
0-222 0-264 +0-042 
0-301 0-299 — 0-002 
0-295 0-307 +0-012 
0-301 0-239 — 0-062 


A 
° 


DTD Or GO bo 


Average 0-279 0-283 


Table VI gives the results and it can be seen by comparison with Table IV, 
Part 1, that with two exceptions, Nos. 5 and 8, the differences between the 
two legs are insignificant, as also is that of the averages of the two groups. 
In one of the exceptional results the glycogen percentage was much greater 
in the leg which had stood for 1 hour (5) but in the other exception it was 
much less (8). The conclusion is drawn that no change occurs in the amount 
of glycogen in intact mammalian muscle as a result of standing at room 
temperature for 1 hour after death. 
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Part III. 


The behaviour of glycogen, lactic acid and free sugar in intact 
mammalian muscle after death. 


An attempt was next made to see whether any change occurs in the 
amounts of lactic acid and free sugar in intact mammalian muscle on standing 
for 1 hour after death. If either of these should accumulate, their source must 
be some substance other than glycogen, since we know that this remains 
unchanged in amount during this time. No attention has been paid to the 
behaviour of inorganic phosphorus, since this has previously been investigated 
by Simpson and Macleod [1927] and by Irving [1928], who were unable to 
detect any significant changes under the conditions of these experiments. 

In order to rule out any unusual behaviour of glycogen it was deemed 
necessary to determine this substance as well as lactic acid and free sugar, 
but it has been found impossible to determine the three substances simul- 
taneously, on account of the tendency of glycogen to change rapidly in amount 
in the presence of the extraction agents used, ice-cold alcohol or trichloroacetic 
acid. 

A word is necessary regarding the method used for determining free sugar. 
Previous workers who have estimated free sugar in tissue have done so usually 
by making an alcoholic extract of the tissue, evaporating to dryness, dis- 
solving the residue in water, and, after precipitation of proteins and other 
interfering substances, determining the amount of reducing substance in the 
solution. It is certain however that this reducing substance is not all free 
sugar, as is shown by using the technique described by Holmes and Gerard 
[1929], which was employed in the present experiments. 

In the first experiment rats were killed by spinal transection, and, after 
skinning, the legs were separated by longitudinal section of the sacrum and 
rapidly weighed. The right leg was immediately thrown into ice-cold 95% 
alcohol, while the left leg was kept for 1 hour after death at room temperature 
and covered with damp gauze before being treated in a similar fashion. The 
muscles were cut off the bones under the alcohol and finely minced with sharp 
scissors, and the bones were removed and weighed. The finely divided muscle 
was extracted for 24 hours in three changes of alcohol, after which the glycogen 
in the muscle residue was determined. The alcoholic extracts were combined 
and evaporated at a low temperature to a syrup, which was then dissolved in 
water and made up to a definite volume. An aliquot portion was treated with 
“colloidal iron”, and the protein-free filtrate, after being made up to known 
volume, was treated with copper sulphate and calcium hydroxide. The mix- 
ture, after standing on ice for 30 minutes, was centrifuged; lactic acid was 
determined in the filtrate [Friedmann, Cotonio and Schaffer, 1927], while 
the copper-lime precipitate was utilised for the determination of free sugar. 

The results are given in Table VII, Part 1. The glycogen content is unusually 
high and is much more variable on the two sides than in the observations 
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Table VII. Part 1. Glycogen, free sugar and lactic acid (mg. per 100 g.) in 
intact leg muscles of rats immediately (right) and I hour after death (left). 
Extraction with chilled alcohol. 


Difference Difference Difference 

Left com- Left com- Left com- 

pared with Free pared with Lactic pared with 
No. Limb Glycogen right sugar right acid right 


1 Right 486 14 316 
Left* 507 + 3 26 +12 502 +186 


2 si Right 444 21 221 
Left* 415 39 234 + 13 


Right 273 8 188 
Left* 209 ll 257 + 69 


Right 240 16 434 
Left* 298 +58 21 508 + 74 


Right 369 25 297 
Left* 352 -17 24 442 +145 


* | hour after death. 


Part 2. Glycogen, free sugar and lactic acid (mg. per 100 g.) in leg muscles of 
rats removed immediately (right) and after maceration and standing for I hour 
after death (left). Extraction with chilled alcohol. 


Difference Difference Difference 

Left com- Left com- Left com- 

pared with Free pared with Lactic pared with 
Limb Glycogen right sugar right acid right 


Right 286 328 
Left* 94 — 192 — 381 +53 


Right 276 220 
Left* 107 — 169 226 


Right 321 225 
Left* 94 —297 249 


Right 277 16 222 
Left* 114 — 163 23 +7 247 


Right 342 11 167 
Left* 175 — 167 14 +3 218 


* Minced, bruised and left for 1 hour after death. 


recorded in Table VI. This irregularity is no doubt due to the twitching which 
occurred when the muscles were placed in ice-cold alcohol, and the decidedly 
higher values found in the muscles of the left side in two of the animals 
(1 and 4) are to be accounted for by these having decreased in irritability on 
standing. The lactic acid values are also very high, even immediately after 
death, the twitching combined with the unavoidable post mortem handling 
being no doubt responsible for this. The glucose value of combined glycogen 
and lactic acid in four of the animals is over 650 mg. which is so high as to 
suggest some unknown error in the determinations. In all cases there is an 
increase in the lactic acid on standing for 1 hour after death, and usually 
(1, 4 and 5) the increase is considerably greater than that which could have 
been derived from the glycogen which disappeared. The free sugar, determined 
by the Shaffer-Hartmann method, immediately after death varied from 8 to 
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25 mg. per 100 g., and it only increased significantly in two out of the five 
cases (30-52 mg.). It is decidedly higher than that found by Simpson and 
Macleod [1927] who used lead acetate and alumina cream for removal of the 
interfering substances. 

The experiment was repeated with the difference that the muscles of the 
left leg were minced and bruised before being allowed to stand for 1 hour 
after death. The results are shown in Table VII, Part 2. The initial glycogen 
is of the usual order of magnitude but, in contrast with its behaviour in intact 
muscle, a marked decrease is shown on standing. The lactic acid, also high to 
start with, increases as before, but in every case the increase only accounts 
for a small part of the glycogen which has disappeared. This result is of a 
similar nature to that found by Simpson and Macleod in pulverised frozen 
muscle allowed to stand after thawing; it points to the existence of an inter- 
mediary substance between glycogen and lactic acid, which is obviously not 
free sugar (cf. 4 and 5). 

The lactic acid values immediately after death are far above several of 
those mentioned in the literature in cases where the muscle has been frozen 
on removal from the animal. Cori [1925], using carbon dioxide snow as a 
freezing agent, obtained values ranging from 83 to 120 mg. per 100 g. in rats, 
while Fletcher [1913] obtained values of about 80 mg. by dropping rabbit 
muscle into liquid air immediately on removal, and Simpson and Macleod 
[1927], using a similar method with cat muscle, obtained values averaging 
about 70 mg. in muscles removed from decapitated cats. 

In all these cases a certain amount of the lactic acid was probably formed 
at death or on removal of the muscles from the animal. Davenport and Daven- 
port [1928] describe a technique by which they obtained very low resting 
lactic acid values, averaging about 15 mg. per 100 g., by freezing the gastroc- 
nemii im situ in rats and guinea-pigs previously anaesthetised with “amytal.” 
By adopting this technique, it was hoped to obtain a more accurate picture 
of the glycogen, lactic acid and free sugar estimated simultaneously. Rats 
were anaesthetised by intraperitoneal injection of “luminal,” and the skin 
was removed from the right hind-leg, which was then thoroughly frozen by 
packing it round with carbon dioxide snow. Freezing usually took about 
3 minutes, and after this the frozen limb was amputated with a bone-forceps 
and kept packed in carbon dioxide snow, while the animal was killed by spinal 
transection. The left hind-leg was then removed by cutting through the 
vertebral column and sacrum, and allowed to stand for 1 hour under damp 
gauze and at room temperature before being frozen. A portion of frozen 
muscle was removed from each leg with a bone-forceps, weighed, and ground 
up in a mortar surrounded by ice with 20cc. of 10 % trichloroacetic acid. 
The contents of the mortar were transferred to a graduated cylinder made up 
to a volume of 50 cc. with the acid, and left to stand overnight. After filtering, 


1 This strength was chosen because we found that lactic acid formation went steadily on for 
several hours when cut up muscle was allowed to stand in 5 % trichloroacetic acid. 
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an aliquot portion of the filtrate was brought to py 5 by cautious addition of 
60 % potassium hydroxide, the volume was readjusted, and copper sulphate 
and calcium hydroxide were added. After centrifuging, free sugar was deter- 
mined in the precipitate and lactic acid in the filtrate. Glycogen was deter- 
mined separately by the usual procedure. The results of an experiment on 
six rats are given in Table VIII. 


Table VIII. Glycogen, free sugar and lactic acid (mg. per 100g.) in leg muscles of 
anaesthetised rats frozen in situ during life (right) and 1 hour after death (left). 
Extraction with 10 °/, trichloroacetic acid. 


Difference Difference Difference 

Left com- Left com- Left com- 

pared with Free pared with Lactic pared with 
Limb Glycogen right sugar right acid right 


Right 198 92 49 
Left* 277 +79 104 +12 112 + 63 


Right 117 110 134 
Left* 33 106 - 4 260 +126 


Right 126 136 175 
Left* 84 43 138 + 2 227 + 52 


Right 236 138 86 
Left* 204 2 148 197 


Right 208 150 144 
Left* 195 -13 162 +12 176 + 32 


Right 147 190 216 
Left* 118 —29 226 +36 235 + 19 


* | hour after death. 


They show much higher lactic acid values than those recorded by Davenport 
and Davenport, and in every case there is an increase on standing after death. 
The free sugar values are much higher than those found when muscle is ex- 
tracted with alcohol, and this is probably due to a certain amount of hydrolysis 
of glycogen by the trichloroacetic acid!. The glycogen values, in striking con- 
trast to those in Table VI, besides being very low are very divergent on the 
two sides, and in five cases out of the six show a marked post mortem decrease, 
although not sufficient in Nos. 2, 3, 4 and 5 to account for the increase in lactic 
acid. Long [1928] has also found that amytal causes a decrease in glycogen 
in resting muscle and inhibits restoration of glycogen in muscle after stimu- 
lation. In view of these results we conclude that investigations on the be- 
haviour of muscle glycogen cannot be of value when conducted on animals 
narcotised by barbituric acid compounds. 

The lactic acid values previously obtained by freezing the muscles imme- 
diately after death were much lower than those obtained by chopping the 
muscle in ice-cold alcohol, and an endeavour was next made to estimate 
glycogen and lactic acid simultaneously by freezing the muscle in carbon 
dioxide snow immediately after death. The rats were killed by spinal tran- 


1 In another series of observations in which hot alcohol was used as the extractive and the 
Hagedorn-Jensen method for estimating the reducing power, values ranging from 17 to 25 mg. 


per 100 g. were found. 
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section and the hind-quarters were rapidly skinned and placed in carbon 
dioxide snow. When completely frozen, the hind-legs were cut off with a 
bone-forceps and treated as described previously. The results are given in 
Table IX. 


Table IX. Glycogen, free sugar and lactic acid (mg. per 100 g.) in leg muscles 
of rats frozen simultaneously immediately after death. 


Difference Difference Difference 
Left com- Left com- Left com- 
pared with Free pared with Lactic pared with 
Limb Glycogen right sugar right acid right 
Right 130 47 121 
Left 169 +39 41 -6 123 + 2 


Right 219 39 74 
Left 183 -36 46 81 +7 


Right 201 36 122 
Left 203 + 2 32 ~4 132 +10 


It is seen that while the lactic acid and free sugar values agree within 
reasonable limits on the two sides, the glycogen values, except in the last case, 
show wide divergence. The muscles in every case twitched during the freezing 
and this is evidently sufficient to destroy the equality of glycogen in the two 
sides. 

None of the three methods described can therefore be counted upon to 
give an accurate picture of the behaviour of both glycogen and lactic acid in 


muscle after death. Until the simultaneous estimation of glycogen and lactic 
acid can be carried out in muscle by a method which kills the muscle without 
stimulating the highly labile reaction which leads to the disappearance of 
glycogen, the conclusion that muscle glycogen does not disappear from intact 
mammalian muscle within 1 hour after death while lactic acid accumulates 
must depend on results obtained from separate experiments. 


SUMMARY. 


1. In rabbits killed by chloroform or in decapitated cats corresponding 
muscles of opposite sides do not necessarily contain equal percentages of 
glycogen, although the averages of three corresponding muscles on each side 
usually agree. 

2. In rats killed by spinal transection with a cleaver the two hind-limbs 
contain equal percentages of glycogen. 

3. The glycogen of intact mammalian muscle does not appreciably 
diminish when the muscle is kept for 1 hour at room temperature after death. 

4. Lactic acid accumulates under the foregoing conditions and this is 
interpreted as evidence that an intermediate substance exists in mammalian 
muscle, from which lactic acid can be derived. 

5. A suitable method for the simultaneous determination of glycogen and 
lactic acid in muscle has been sought in order that their behaviour after 
death might be studied in the same muscle. No method was found in which 
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the muscle could be killed without causing stimulation of the reaction leading 
to the disappearance of glycogen. A post mortem increase of lactic acid, 
usually out of proportion to any glycogen decrease, was always found under 
these conditions. 


We are indebted to the Medical Research Council for a grant made to 
one of us (J.J. R. M.) in support of this work. 
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INTRODUCTION. 


GLUTATHIONE is found in the cell largely in the reduced condition: yet know- 
ledge of what reduces it remains much as it was when Hopkins [1921] showed 
that the disulphide form of glutathione was reduced to the sulphydryl form 
when it was incubated with kidney, liver, or skeletal muscle. This reduction 
is due, at least in part, to the presence of a fixed non-autoxidisable —SH group 
in the protein [Hopkins and Dixon, 1922] which, in reducing soluble disulphide 
glutathione to the sulphydryl form, becomes itself oxidised to disulphide. 
Bernheim and Dixon [1928] report that washed liver containing very little fixed 
—SH reduces much oxidised glutathione. 

Many unsuccessful attempts have been made to reduce glutathione by 
means of a system consisting of a specific dehydrogenase, such as succin- 
oxidase, and its substrate [Hopkins and Dixon, 1922; Elliott, 1928]. Neither 
Elliott nor Wieland re communication to K. A. C. Elliott), could repeat 
the positive results of Wieland and Bergel [1924]. 

That impure glutathione oxidises spontaneously in alkaline solution was 
first observed by Hopkins [1921]. Following on the work of Warburg and 
Sakuma [1923] upon cysteine, Harrison [1924] extended their results to gluta- 
thione, and proved that traces of iron or of copper were needed for its 
autoxidation. Harrison added haematin to the list of catalysts, and Krebs 
[1929] used haemochromogens to accelerate the oxidation of cysteine. When 
impure glutathione is shaken with skeletal muscle (in the presence of traces of 
iron or of copper), an oxygen uptake results which is far in excess of that 
needed to oxidise the total —SH groups in the system. 

Hopkins [1929] succeeded in crystallising glutathione, and found it to be 
a tripeptide of glycine, cysteine, and glutamic acid, while Pirie and Pinhey 
[1929] obtained evidence that it had the structure of glutamyl-cysteinyl- 
glycine. Kendall, Mackenzie, and Mason [1929] also crystallised glutathione 
by a different method. 

Meldrum and Dixon [1930] found indications of the existence of an un- 
known non-metallic substance, which was present to a larger extent in the 
impure preparations of glutathione than in the crystalline compound. This 
unknown factor could be replaced by cysteine or by thiolglycollic acid, but 
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Meldrum and Dixon were unable to decide its precise nature. The autoxidation 
of glutathione in aqueous solution and the catalytic effect of the tripeptide on 
the oxidation of proteins appeared from their experiments to depend on the 
combined presence of traces of this unknown substance and of iron (or copper). 

When Hopkins found that the older (impure) preparations of glutathione 
could oxidise proteins, fats, and fatty acids, he was studying the first thermo- 
stable oxidation system isolated from the living cell. The results were of great 
interest, even though the system is, perhaps, to be regarded as a model oxida- 
tion system, rather than as a representation of the actual respiratory process 
in vivo. There yet lacks a crucial experiment to decide the relationship between 
glutathione and respiration in the normal cell. 

Two classes of substances inhibit cell respiration. At very low concentra- 
tion cyanides poison the cell, apparently by preventing indophenol oxidase 
from oxidising cytochrome [Keilin, 1929]. In contradistinction to cyanides, 
narcotics act only at high concentration and inhibit respiration in proportion 
to their power of lowering surface tension [Warburg, 1921]. According to 
Keilin [1929] narcotics act by inhibiting cell dehydrogenases; thus cyanides 
prevent oxidation of cytochrome, and narcotics reduction of cytochrome. The 
object of the work here described was to study the effect on the glutathione 
of the cell when the respiration was controlled by various methods. If gluta- 
thione be continually reduced by the reducing mechanisms of the cell, and 
oxidised by the oxidising mechanisms, then those factors which inhibit the 
one set of reactions rather than the other should produce some change in the 
content of reduced glutathione. The above-mentioned contrasting effects of 
narcotics (and of exposure to cold and starvation) on the one hand, and of 
cyanides on the other, were therefore employed to bring about the desired 
partial inhibition of the oxidation-reduction processes in the yeast cell, com- 
parisons of the glutathione content of yeast cells being made under the 
following conditions: (1) saturated? cells, under aerobic and anaerobic con- 
ditions, (2) saturated cells (and also zymin), with and without cyanide, 
(3) saturated cells (and zymin), with and without urethane, (4) saturated cells 
and starved! cells, (5) starved cells with and without urethane, (6) cells at 
37° and cells at 0°. 

EXPERIMENTAL, 

5 g. of fresh baker’s yeast were suspended in phosphate buffer at py 7-3 
or 7-6. In some experiments glucose was present in 1 % concentration: The 
suspension was aerated in gas wash-bottles maintained at 37° in a water-bath. 
The results were not affected by the rate of aeration, which was always rapid 
when glucose was present. All experiments were done in duplicate unless 
otherwise stated. After aeration the suspensions of yeast were poured on to 
solid trichloroacetic acid, which dissolved to give a 10 % solution. The sus- 

[2 “Saturated” cells are cells living in excess of 1% glucose solution. “Starved” cells are 
those kept in suspension and aerated for some hours without food, till their respiration rate has 
fallen below 2000 mm.? O,/g. hour. 
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pension was rapidly brought to the boil and boiling was continued for 1-5-2 
min. The mixture was cooled, brought to a known volume and centrifuged. 
The clear liquid was then titrated with M/100 iodine in potassium iodide. 
Starch was used as indicator in most cases; it gave slightly higher titres than 
did nitroprusside, but the end-points were sharp and the titration of duplicates 
agreed very well. It was found best to prepare fresh indicator before each 
set of titrations. In order to correct for the effect of cyanide and of the 
urethane upon the titration it was necessary to multiply the figures obtained 
in presence of these substances by 0-945 and 1-05 respectively. The results of 
these experiments are shown in Table I. 


Table I. 


Titrein Titrein Titre from 


Exp. Period of Titre of M/100 5%ethyl- cooled 
No. aeration control KCN urethane suspensions Remarks 


1 0 . 0-710 0-703 0-728 _— In 1% glucose. Yeast 
warmed 25 min. at 37° 
then KCN and urethane 
added immediately and 
2 g. CC1,;COOH 

$ hr. 7-6 0-65 0-64 0-66 — 
1} hr. 7-6 1-03 1-11 1-19 o 
34 hr. 7-6 0-89 0-75 0-73 1% _ glucose. 0-:05% 
phenylurethane in place 
of 5 % ethylurethane 
4 hr. 7-6 0-56 0-61 | 0-48 — 
4 hr. 7-6 0-78 0-91 0-74 -- 
_ 7-6 0-66 0-67 0-72 — 
4 hr. 7:3 0-69 0-62 — , 1 % glucose 

1? hr. 7-3 0-74 0-76 0-76 , 1 % glucose 

40min. 7:3 0-57 U-62* — — 

3 hr. 73 0-73 0-69 0-79 1-5 g. zymin in place of 
yeast 

24 hr. 7-6 0-61 0-58 0-61 1-2 g. zymin and 0-25 mg. 
eysteine hydrochloride = 
0-08 cc. I, solution 

1} hr. 0-67 0-64 0-70 1-2 g. zymin in 20 cc. water 

* Anaerobic control. 


5 
6 
7 
8 
9 
0 
1 


— 


_ 
bo 


Exps. 1, 5, 6 and 8 were not done in duplicate. In all other cases the figures 
are the means of two determinations on trichloroacetic acid extract from 
separate portions of yeast suspension in different aeration flasks. These titra- 
tions agree within the limits of experimental error, which is about 10 %. 
Exps. 11, 12 and 13 zymin was treated just as was the yeast in Exps. 1-10. 
In the experiments on the effect of cooling, the suspensions were first aerated 
at 37° and at 0° for about half an hour, by which time the temperatures were 
constant. Then urethane or potassium cyanide was added as desired. The 
anaerobic experiments were carried out.in large vacuum tubes, evacuated and 
filled with nitrogen. No particular care was taken to remove traces of oxygen 
from the nitrogen, as it was felt that the yeast would rapidly use the small 
amount of oxygen which was present as impurity. 
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The figures in Table II indicate the degree of inhibition of the respiration 
of the yeast which was brought about by the urethane and the potassium 
cyanide. 


Table Il. Effect of cyanides and of urethane on rate of respiration of yeast. 


Control % inhi- % inhi- 
mm.° 0,/g. hr. KCN bition by bition by 
wet wt. yeast M/100 Urethane KCN urethane Remarks 
10,730 1130 0 90 100 In 1 % glucose and 15 % urethane 


8,100 1704 800 7-9 90 10 % urethane 


6,540 1630 2450 5 5 % urethane 
7,020 3000 71 5 % urethane 

41,140 _ In 1 % glucose and 5 % urethane 
1315 — _— After 33 hr. aeration in buffer 


The yeast was always aerated in phosphate buffer at p, 7-6. The true re- 
spiration rate was measured, and the rate of shaking and CO, output had no 
efiect on the apparent uptake of oxygen; the temperature was 37°. The 
variation in the percentage inhibition by potassium cyanide is considerable, 
and may be due to variation in the amount of reducing substances in the yeast. 

In order to test the activity of the indophenol oxidase use was made of 
the “Nadi” reagent. After aeration some of the yeast was diluted ten times, 
5 ec. of “Nadi” reagent were added, and aeration was continued at 37°. 
Strongly positive reactions were obtained in all suspensions containing ure- 
thane, even in those aerated for 4 hours. No suspension containing potassium 
cyanide gave a positive reaction. Control suspensions aerated in the absence 
of glucose for 4 hours gave a weakly positive test on dilution alone. In the 
presence of glucose no reaction could be obtained even on diluting after aera- 
tion for 4 hours, until the yeast was warmed at 52° for 14 hours, as described 
by Keilin [1929]. It seems clear that the treatment of the yeast did not destroy 
the indophenol oxidase. 


The relationship of glutathione to the cyanide-stable respiration of yeast. 


From the above results it is clear that the respiration of yeast may vary 
in amount within wide limits without the amount of reduced glutathione being 
affected. When however yeast or any other cell is poisoned by cyanide, there 
still exists a small residual respiration, probably due to enzymes such as xan- 
thine oxidase. When xanthine oxidase acts on its substrate xanthine, hydrogen 
peroxide seems to be formed according to the equations: 

bs bw dNH 
| CH +H,0 | ScHOH = | co +2H 
—t_N —C—NH —C_NH 
2H +0, = H,0, 
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It is possible that glutathione is oxidised by hydrogen peroxide produced 
in some such way, and that this is one of the normal modes of oxidation. The 
disappearance of glutathione when liver is allowed to autolyse in air may be 
due to a similar oxidation by hydrogen peroxide. To test this hypothesis the 
following experiments were devised. Thermostable muscle powder was put in 
each cup of a Barcroft differential manometer and subjected to the action of 
hydrogen peroxide produced by xanthine oxidase and hypoxanthine, in the 
presence and in the absence of glutathione. Crystalline glutathione in such 
circumstances becomes stabilised to the action of oxygen [Meldrum and Dixon, 
1930]. The results are shown in Table III, and demonstrate clearly that 
hydrogen peroxide produced during the action of xanthine oxidase on hypo- 
xanthine can oxidise glutathione which is normally stable towards oxygen. 
Such hydrogen peroxide also reacts with fixed —SH in tissue, but less rapidly 
than with glutathione. No attempt was made to analyse the kinetics of the 
reaction. 


Table ITT, 


No. of Barcroft cup . 


Amount of GSH 0 
Enzyme 0 
Skeletal muscle 0-2 g. 


Nitroprusside reaction: 
In muscle 
In fluid -- 


Harrison [1924] showed that secondary oxidations went on in the presence 
of sulphydryl compounds which, perhaps, do not react so readily with hydrogen 
peroxide as does catalase. At any rate, experiments with methylene blue 
show the xanthine oxidase to be destroyed to the same extent when glutathione 
is present as when it is absent. Glutathione does not seem to possess the pro- 
tective action of catalase [Dixon, 1925]. It seems unlikely that glutathione 
can be oxidised by hydrogen peroxide in any cell containing active catalase. 


Discussion. 


The almost universal distribution of glutathione shows that it must be of 
vital importance to the cell. Yet the glutathione content of any one tissue 
has not so far been correlated with the predominance or comparative absence 
of any one type of metabolism, and there seems little evidence for the state- 
ment [Mitchell and Hamilton, 1929] that greater content of glutathione goes 
hand in hand with greater rate of respiration. It is unfortunate that no one 
has yet succeeded in changing the content of reduced glutathione of any tissue 
respiring normally in vivo. Szent-Gyérgyi [1925] noticed this inertness of 
reduced glutathione: he aerated liver for 15 min. after which the amount 
of reduced glutathione had scarcely decreased. His work was criticised by 
Hopkins on the grounds that he did not aerate sufficiently long (aeration 
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for about 8 hours would remove all the reduced glutathione) and that he did 
not determine the py. Elliott (unpublished work) found no change in the 
reduced glutathione of frog’s muscle after the muscle had been stimulated. 
Uyei [1926] starved dogs, rabbits, and guinea-pigs without affecting the 
amount of reduced glutathione in their tissues. 

Now the aqueous extracts of most tissues show a nitroprusside reaction for 
the —SH group. This nitroprusside reaction is not intensified by preliminary 
treatment of the extract with cyanide which reduces the —S—S— to —SH. 
Glutathione is kept mainly reduced in the cell, presumably by several reducing 
factors. Fixed —SH groups in muscle form one such factor, but the work 
here described shows that dehydrogenase systems can play no part in this 
process. We know that muscle and liver proteins reduce glutathione only 
slowly; if then fixed —SH in proteins be the only group reducing glutathione, 
since the rate of oxidation is even slower, the oxygen uptake for which gluta- 
thione is responsible must be small indeed. It must be realised that this in 
no way affects the importance of glutathione even as an oxidising agent; for 
it may be that glutathione catalyses oxidations, which, though small in extent, 
are yet necessary to the cell for its existence, just as vitamins, of negligible 
calorific value, are essential constituents of food. 

The interaction of glutathione with cytochrome C in vitro takes place very 
slowly indeed, and it seems evident from the work here reported that gluta- 
thione reduces cytochrome in vivo only to a negligible extent. Even when the 
cytochrome-indophenol oxidase system gives a very strong positive reaction 
with the “Nadi” reagents, the content of glutathione is unchanged, whether 
the inhibition of the dehydrogenases be produced by urethane or by cooling, 
or whether starvation of the yeast be carried to such an extent that the 
dehydrogenase systems no longer saturate the cytochrome-indophenol oxidase 
system, and the yeast becomes able to give the “Nadi” reaction merely on 
dilution. 

It is clear that another problem remains untouched, namely, whether the 
fact that living cells always contain some soluble sulphydryl substance is due 
to the slow oxidation of the sulphydryl group or to the rapid reduction of 
the disulphide group. In either case the superficial result will be a great excess 
of —SH over —S—S—, but the oxygen uptake will differ widely in the two 
cases. The problem of the reduction of glutathione dates from 1922 and it 
seems little nearer solution now. The question further arises as to what oxidises 
glutathione, which itself scarcely reacts with oxygen. Glutathione does not 
reduce cytochrome readily. Is it oxidised by a specific oxidation system? The 
system mentioned above in which glutathione is oxidised by hydrogen per- 
oxide, itself produced by enzymic oxidations, is admittedly a model system. 
Under the conditions of the experiment not only was glutathione oxidised 
but also the fixed —SH, though not to the same extent as if glutathione 
had been present. Yet this is the only mechanism found so far which will 
cause —SH in tripeptide glutathione to disappear with reasonable speed 
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under conditions which approximate, though but remotely, to those in the 
cell. 

The part played by glutathione in the life of the cell is still obscure in the 
extreme, and it is possible that it is connected with protein metabolism, as 
has been suggested [Waldschmidt-Leitz, Purr and Balls, 1930], rather than 
with cell oxidations. 


SUMMARY. 


1. The respiration of yeast may be reduced by 60 % to 90% (a) by 
narcotics, which inhibit the reducing systems, (b) by cyanide, which prevents 
the indophenol oxidase from oxidising cytochrome, without the amount of 
reduced glutathione being affected. Cooling has likewise no effect, though this 
is known to retard the dehydrogenases more than the indophenol oxidase. 

2. Glutathione does not reduce cytochrome in yeast. 

3. No evidence could be found that dehydrogenases reduce glutathione 
with simultaneous oxidation of their substrates, and it seems unlikely that 
glutathione is in any way concerned with the cytochrome-indophenol oxidase 
system. 

4. Yeast may be starved till its rate of respiration falls to about 5 % of 
that in glucose solution without affecting the thiol content. 

5. No evidence has been obtained that glutathione is directly concerned 
in carbohydrate oxidation by yeast. 


I have much pleasure in acknowledging my indebtedness to Sir F. G. 
Hopkins for his interest in this work, which I carried out while in receipt of 
a Fellowship from the Carnegie Board of the Universities of Scotland. 
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For the determination of cellulose in straws the standard method of Cross 
and Bevan [1918] is the most reliable. However, it suffers from three dis- 
advantages, which are (1) the inconvenience of working with gaseous chlorine, 
(2) the lengthy extraction with sodium sulphite solution which is required to 
remove the lignone chloride, and (3) the difficulty of chlorinating a number of 
samples simultaneously. 

A method of determining cellulose in straws is described in this paper, in 
which the straw is chlorinated by means of sodium hypochlorite in alkaline 
solution; it is first necessary to boil the straw with dilute acid and alkali in 
order to bring it into a condition in which it is amenable to hypochlorite treat- 
ment. After boiling with acid and alkali the lignin present in the extracted 
straw is chlorinated and dissolved at the same time while the cellulose remains 
unattacked owing to its stability in presence of neutral or alkaline hypo- 
chlorites in dilute solution. Two such chlorinations completely remove the 
lignin, leaving a white or cream-coloured product which retains the whole 
structure of the straw. This product consists of cellulose intimately associated 
with xylan and in character is identical with the cellulose of Cross and Bevan. 
One unimportant difference exists between the two methods, viz. the xylan 
fraction expressed as a percentage of the chlorination product (“cellulose”) 
is less in the case of the hypochlorite method than in that of Cross and Bevan. 
Actually more “cellulose” is obtained by the latter procedure so that when 
the xylan content of the chlorination product is taken into account the yields 
of true cellulose by the two methods are identical. Using hypochlorite it has 
been found possible for one worker to carry out from 12 to 16 cellulose deter- 
minations in a day. 

One obvious advantage which the use of hypochlorite offers is the prepara- 
tion of straw celluloses in a form suitable for structural or chemical examina- 
tion. To obtain a theoretical yield of cellulose from 200 or 300 g. of straw is 
quite simple. A preparation of this magnitude involving the use of gaseous 
chlorine would be tedious and unpleasant. 

The suitability of the hypochlorite method for the determination of wood 
cellulose is now being studied and the results will be given in a later paper. 














CELLULOSE IN STRAWS 


EXPERIMENTAL. 


Solutions required. (1) Sodium hypochlorite, commercial, 15 % free 
chlorine (Baird and Tatlock, Ltd., London). This should be stored in a cool 
dark place. The strength of this solution varies from 14 to 19 %, but unless 
the free chlorine lies outside this range it is not necessary to make allowance 
for the variation in the volumes of hypochlorite taken for the chlorination. 
The free chlorine may be determined as follows: 5 cc. of hypochlorite are made 
up to 500 cc. with water; 10 cc. of the dilute solution are treated with 10 cc. 
of 5 % acetic acid and 5 cc. of 10 % potassium iodide. The iodine liberated is 
titrated with N/20 sodium thiosulphate using a starch indicator. Then: 


% free chlorine = cc. of N/20 thiosulphate x 1-775. 


(2) Sodium hydroxide, 10 % solution. 

(3) 10% hydrochloric acid; 30 cc. conc. hydrochloric acid made up to 
100 cc. with water. 

(4) 2% hydrogen peroxide: 10 cc. of 20 vol. hydrogen peroxide made up 
to 100 cc. with water. 

Standard method for the estimation of cellulose in straws. 2 g. of very coarsely 
pulverised straw in a beaker are brought to the boil with 100 cc. of water and 
10 cc. of 10% NaOH. The beaker is then immediately placed in a boiling 
water-bath for 5 min. and the solution is poured on to a piece of white 
poplin cloth stretched over a 24 inch Biichner funnel. When the liquid has 
been sucked off the straw is washed with water, the washings being poured 
on to the cloth each time. The straw is then transferred from the cloth to the 
beaker by means of a wide jet of water, and the volume is made up to approxi- 
mately 100 cc. Then 10 ce. of 10 % HCl are added, the mixture is brought to 
the boil and the beaker placed in a boiling water-bath for 5 min. The straw 
is filtered and washed as before. The extraction of sugars, starch, and hemi- 
celluloses is completed by a second alkali and acid treatment carried out in 
exactly the same manner as the first. 

The extracted straw is made up to about 100 cc. and 5 cc. of sodium 
hypochlorite solution are added. This mixture is allowed to stand for 20 min. 
in a cool place away from bright sunlight. During this time the reaction of 
the solution must remain alkaline to brilliant yellow or litmus paper: sodium 
hydroxide solution is added if necessary. The straw is then filtered, washed, 
transferred to the beaker and chlorinated a second time for 20 min. It is 
next filtered through cloth, well washed with cold water, then with 100 ce. 
of 2 % hydrogen peroxide, and then with boiling water. Finally the residual 
cellulose is washed back into the beaker and then on to a weighed, oven-dried 
Gooch crucible. It will be found that rapid filtration without loss of cellulose 
is attained by using a cotton disc of lawn or organdie in place of an asbestos 
filter. A furfuraldehyde determination is made on the dried and weighed 
hypochlorite cellulose by the Tollens method [1902] using the Kroéber factor 
[1900] for converting the phloroglucide yield to furfuraldehyde or xylan. 
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Effect of the hypochlorite method on the yield of cellulose and furfuraldehyde. 


To test the percentage recovery of cellulose in the method described above 
and the amount of oxycellulose formed, a pure cotton cellulose was prepared 
in the following manner. A half-pound hank of the best American cotton was 
gently boiled with successive quantities of 1 %% sodium carbonate for 4 hours, 
acidifying between each boil with 0-5 % HCl. After four such treatments the 
cotton was well washed with water and then bleached twice with 0-25 % 
sodium hypochlorite solution. The cotton was kept out of contact with air 
during the bleaching. It was thoroughly washed with water, then with 0-1 % 
HCl and again with water until the p, of the washings and of the water used 
was identical. After the excess of water had been squeezed out of the cotton 
it was dried at 100°. The purified cellulose gave a yield of 0-29 % furfuralde- 
hyde which corresponds to 0-46 °% of anhydroxylose. It is not suggested that 
the furfuraldehyde-yielding substances in cotton cellulose consist entirely of 
xylose units but the figure is given for comparison with the anhydroxylose 
in straw cellulose. 

Table I shows the effect on the pure cellulose of (a) two chlorinations with 
5 ec. NaOCl and 100 cc. of water, each of 20 min.; (b) two extractions with 
1 % NaOH and 1 % HCl, followed by two chlorinations for 20 min. as in the 
method described for straws. 

Table I. 
Treatment (a) (b) 
Recovery of cellulose % 97-28 97-01 
Anhydroxylose in cellulose % 0-59 0-43 

It may therefore be concluded that neither treatment has an appreciable 
oxidising effect on the cellulose. Figures of a similar order are obtained when 
pure cellulose is chlorinated according to the Cross and Bevan method. 

The yield of cellulose obtained by the Cross and Bevan method and by the 
hypochlorite method will now be compared. The latter procedure, as has 
already been pointed out, always seems to give about 2 or 3 % less of the 
chlorination product than the standard method. But when allowance is made 
for the larger amount of xylan (shown by the higher furfuraldehyde yield) 
invariably present in the Cross and Bevan cellulose it is at once seen from the 
figures in Table II that the amount of true xylan-free cellulose obtained is the 


same by both methods. 
Table IT. 


Furfurald. 

“Cellulose” yielded Furfurald. Xylan Pure 
in 100 g. by 100 g. yielded by equivalent of cellulose 
oat straw “cellulose” “cellulose” in furfurald. in in straw 

Method g. g. 100 g. straw ‘“‘cellulose” % 
Cross and Bevan 48-92 12-30 6-02 9-33 39-59 
Hypochlorite 47-50 11-07 5-26 8-15 39-59 


Further examples showing the results of cellulose estimations by the hypo- 
chlorite method are given in Table III. 





Straw 


CELLULOSE IN STRAWS 


Hypochlorite 


cellulose” 
% 


0 
56-36 55-66 


Table III. 


Furfurald. in 
hypochlorite 
cellulose 
0/ 


/O 
14-56 14-20 


Anhydro- 
xylose 
equivalent 
to furfurald. 
a 


oO 


22-55 22-01 


Anhydro- 
xylose in 
hypochlorite 
cellulose in 
100 g. straw 


12-71 11:3 


Pure 
cellulose 
in straw 

0/ 
/O 


43-65 43-36 


Rye 

Barley 

Oat from straw 
filter fed with 
nitrogenous soln. 
for 23 days 
Oat from straw 
filter fed with 
water alone for 
53 days 


41-20 40-36 
41-61 42-20 


50-45 49-25 
51-10 51-21 


11-05 11-24 
10-94 11-22 


18-33 18-05 
16-95 17-39 


9-25 8-89 
8-49 8-91 


54:01 52-45 12-77 10-53 43-33 43-95 


Preparation of cellulose from straws. The examination of reasonably pure 
celluloses from straws is obviously of importance in connection with X-ray 
analysis, the morphology of the plant, and its chemical constitution. Hitherto 
such examination has been somewhat restricted owing to the difficulty of 
preparing large samples of the cellulose in a reasonably pure and unchanged 
condition. However, with the hypochlorite method very little modification of 
the proportions of the reagents used in the estimation is required for the iso- 
lation of larger quantities of cellulose. The following method has proved satis- 
factory for oat straw. 178-5 g. of dry straw were mixed with 7 litres of boiling 
water containing 100 cc. of concentrated HCl and left in a boiling water-bath 
for 10 min. The mixture was then strained through a cloth and the residual 
straw added to 7 litres of boiling water containing 15 g. of NaOH. After 
standing in the builing water-bath for 10 min. the aqueous portion was poured 
off through a cloth and then chlorinated for 20 min. with 200 cc. of 15 % 
NaOCl. The straw was filtered off, washed and again chlorinated with the 
same quantity of hypochlorite. After washing the cellulose first with cold, 
then with hot water, it was washed with 2 litres of 0-5 % hydrogen peroxide. 
The use of hydrogen peroxide ensures complete decomposition of the hypo- 
chlorite. Finally the cellulose was washed free from hydrogen peroxide with 
cold and hot water. In this manner 93 g. of cellulose were obtained, equiva- 
lent to a 52-1 % yield on the weight of straw taken. An analysis of the 
sample of oat straw showed that it contained 52-2 % of cellulose, which gave 
a furfuraldehyde yield of 11-1 %. 


SUMMARY. 


1. The cellulose in straw is readily determined by treating the straw with 
hot dilute alkali and acid and then with cold hypochlorite solution. 

2. The product obtained is practically identical in character with the 
Cross and Bevan chlorination product, except that it contains slightly less 
xylan than the latter. When due allowance is made for the xylan present the 
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percentage of pure cellulose found in a straw is the same by the Cross and 
Bevan and the hypochlorite method. 

3. The treatment referred to in 1 has a negligible effect on pure cellulose. 

4. The hypochlorite method of chlorinating has the following points in 
its favour. 

(a) From 12 to 16 cellulose determinations can be carried out in a day 
by one worker. 

(6) Large scale preparations of straw cellulose are possible without incon- 


venience. 
(c) The cellulose can be prepared in quantitative yield. 


The writer welcomes this opportunity of recording his thanks to Dr A. G. 
Norman of the Rothamsted Experimental Station for carrying out the Cross 
and Bevan determinations of cellulose given in this paper and for his helpful 
criticism. 
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CLVII THE BIOCHEMISTRY OF ALUMINIUM. 


I. EXCRETION AND ABSORPTION OF ALUMINIUM 
. IN THE PIG. 


By KENNETH MACKENZIE. 
From the Rowett Research Institute, Aberdeen. 


(Received August 21st, 1930.) 


TxE biological significance of aluminium is at present an unsolved problem. 
Even when aluminium occurs in the diet in a readily available form, animals 
do not seem to utilise it in the metabolic processes to any extent; after in- 
gestion of compounds of aluminium, the latter may be found in the organs in 
very small quantities, comparable to, but greater than the amounts found 
in the organs of similar animals receiving diets almost entirely free from 
aluminium. The excretion of aluminium appears to be almost exclusively by 
way of the alimentary canal; reports of aluminium excretion in the urine 


are rare. 
HISTORICAL. 


Smith [1900], using groups of pigs fed respectively on ordinary bread and 
bread made with alum baking-powder, found that the growth of the animals 
in each group was very similar, and after two months on this diet, failed to 
find aluminium in the organs. He could not detect aluminium in the urine 
of men or pigs fed on aluminised diets. Kahn [1911], using dogs on aluminised 
diet, reported that aluminium was present in the urine and also in the blood; 
analysis of the organs showed that the element was present in perceptible 
amount in the liver, spleen, muscle and kidneys. Steel [1911] also observed 
that aluminium was present in the blood of dogs receiving aluminium in the 
diet. Balls [1917] found that dogs under similar conditions of feeding ab- 
sorbed aluminium, especially into the liver, but that much of this aluminium 
was speedily eliminated in the bile and urine. Leary and Scheib [1917] stated 
that puppies fed on a diet of low phosphate content to which was added a 
comparatively large amount of aluminium hydroxide suffered from under- 
nutrition, owing to the diversion of available phosphate from the urine to the 
faeces, with consequent lowering of metabolism. Flinn and Inouye [1928], 
using rats which received aluminium as an aqueous solution, reported that 
70 % was excreted in the faeces and 30 % in the urine. Myers and Morrison 
[1928] found that dogs fed on aluminised diets showed markedly higher 
aluminium content in most of the internal organs than animals fed on control 
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diets. Underhill [1929] observed that dogs fed on diets containing aluminium 
showed a higher level of aluminium in the organs than dogs on control diet, 
but could not find any definite relation of absorption to ingestion, though the 
amounts found generally increased with the age of the animal. In the case 
of man, aluminium could be detected in the blood after a meal of aluminised 
food, and a slight urinary excretion (not usually exceeding 0-5 mg. in 24 hours) 
was sometimes observed. In a review on the occurrence of aluminium in food- 
stufis by Smith [1928] possible réles of aluminium in metabolism are con- 
sidered. 
PRESENT INVESTIGATION. 

In these experiments the utilisation of aluminium by young pigs has been 
examined, and the path of excretion has been determined. An attempt has 
been made to ascertain if the excretion of urinary phosphorus is disturbed by 
the use of aluminised diets, and the amount of aluminium present in various 
organs has been determined. 

Young pigs, recently weaned, were put on a diet known to be adequate 
for their growth requirements, and containing the minimum amount of 
aluminium; after two or three weeks’ observation, to ensure that their growth 
and condition was satisfactory, they were divided into two groups of approxi- 
mately equal weights. One group received the stock ration only and served 
as controls, while the other received an addition of about 1% of aluminium 
to the food, in the form of sodium aluminium sulphate. The groups were kept 
in separate pens and were not allowed out during the experiment, except for 
cleaning, weighing and metabolic experiments. After eight to ten weeks on 
their respective diets, during which period satisfactory growth took place, one 
animal from each group was put into a metabolic cage. When they were 
accustomed to the conditions, analysis of the faeces and urine was carried 
out to determine the daily excretion of aluminium and of urinary phosphate. 
When a steady excretion had been obtained for at least five days, the diets 
were interchanged, the control pig receiving the addition of alum, which was 
withheld from the experimental pig. After about ten days, the diets were 
again reversed and the experiment was terminated when the steady state of 
excretion was once more attained. The animals were fed on a progressively 
increasing ration until the average weight was about 80 kg. and were then 
slaughtered, the internal organs being reserved for analysis. 

Methods of analysis. In the metabolic experiments, the faeces collected 
from the cage over a 24-hour period in a covered vessel were weighed and well 
mixed, duplicate samples of 40 g. (moist) being taken for analysis by the 
gravimetric method of Schmidt and Hoagland [1912] with the modification 
recommended by Balls [1917]. A correction was applied to the result as 
explained below. The volume of urine collected over the same period was 
determined ; and a sample of 200 cc. employed for determination of aluminium 
[Myers and Morrison, 1928] and urinary phosphate by the Briggs method 
[1924]. 
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The analysis of the organs was performed according to the method of 
Morrison, two duplicate samples of 40g. (moist) being ashed at the lowest 
effective temperature in silica basins. In the case of the samples of stomach 
and intestine care was taken to free the mucosa from adherent food material 
by washing several times with distilled water and wiping dry with filter paper. 

Correction of results obtained with the Schmidt-Hoagland gravimetric method. 
Preliminary tests showed that the method of Schmidt and Hoagland, deter- 
mining aluminium as aluminium phosphate, could be relied on to within 1% 
when using pure aluminium compounds (see Table I (a) and (b)). On applying 
the method to the determination of aluminium in faeces it was found necessary 
to make a correction to the apparent amount of aluminium so determined; 
there appeared to be a small positive error due to the large amount of other 
inorganic constituents in the material, which, while insignificant in the actual 
sample analysed, when calculated on the whole weight of faeces over a period 
of several days, caused an appreciable error in the final results, which were 
found to be considerably too high. The errors occurring in the determination 
are shown in Table I (c) and (d). It was considered necessary to determine 
the “apparent excretion” of each pig while on control diet, and to correct 
suitably the figure obtained for aluminium excretion when the animal was 
receiving an aluminised diet. This correction was applied as shown in the 
tabulation of the results (Tables IIT and IV). 


Table I. Results of Schmidt-Hoagland gravimetric method. 


Schmidt-Hoagland method Aluminium 
—_—— calculated 
Substance analysed AIPO, (mg.) Al (mg.) (mg.) 
Reagents and distilled water 0-7 0-008 — 
0-3 
0-3 


(a) Potash alum. A.R. 1g. 
0-4 g. 
(c) 40 g. faeces (pig on control diet) 


(d) 40 g. faeces +0-1 g. alum 


From this table the error due to a 40 g. sample of faeces amounts to 
0-75 mg. of aluminium or 19 mg. per kg. of material. The results in the meta- 
bolic experiments were of the same order, varying from 22 to 39 mg. per kg., 
according to daily output and percentage of moisture in the faeces. The actual 
aluminium content of the food, as determined by the method of Morrison, 
was 1-4 mg. per kg. 
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Experimental details. 


First experiment (June-August, 1929). (a) Feeding and growth. This ex- 
periment was of a preliminary nature. Four pigs were used, two controls 
which received the standard ration and water ad lib., and two experimental 
animals, which received in addition 25 g. of soda alum per pig per day. Growth 
and condition were good except in the case of one experimental pig No. 2029, 
which showed only slow growth. Post mortem examination showed that this 
animal had suffered from anaemia in the early stages of growth prior to the 
commencement of the experiment. The ration supplied had the following 
composition : 

Barley meal 80 parts Steamed bone flour 2 parts 

Sharps Ground limestone S sz 

Maize meal Salt 1 part 

Fish meal 


Phosphate content (P,0; %) = 1-32 
Aluminium content (mg. Al per kg.) = 1-4 


Table Ia. Growth of pigs in first experiment (weight in lbs.). 


Diet ... dint ae Control Control 25 g. alum 
r day 


ee Ooo pe 
Sex and No. of pig... F. 2022 M. 2030 F. 2023 M. 2029 


Weight 
At commencement 72 56 66 
After 30 days 102* 89 94* 
After 60 days 141 126 128 
After 75 days 162 150 149 


* Signifies that the pig was on metabolic experiment during this period. 


These results indicate a slightly lower rate of weight-increase of the 
aluminium-fed pigs as compared with the controls, but the number of pigs 
under observation is too small to warrant any conclusion being drawn. 

(b) Metabolic experiment. The results of the daily analyses of the faeces 
for the individual pigs are shown in Figs. 1 and 2 and in Tables III and IV 
(pigs 2022 and 2023). Pig 2022 received an addition of 25 g. of alum to the 
diet for the first time on the day before the collection of faeces and urine for 
the experimental period was commenced, and the addition of aluminium was 
continued for a total of 7 days. The analytical data for the faeces indicate 
that the excretion of aluminium rose to a high level within 24 hours, but 
rapidly diminished and returned to normal 3 days after the cessation of the 
aluminium feeding. Fig. 1 (on which the corrected excretion and the total 
ingestion are shown as rectangles) and the appropriate figures in Table III 
show that after making the necessary correction for “apparent excretion” 
on control diet, there was only a slight difference between the amount of 
aluminium ingested in the food and that excreted in the faeces. Pig 2023, 
which had been receiving an aluminised diet since the beginning of the feeding 
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experiment, had the aluminium removed from the diet for a period of 7 days. 
Fig. 2 shows that the daily faecal excretion of aluminium fell off rapidly, 
though traces appeared to be eliminated even at the end of the period. Hence 
it was not possible to obtain a factor for the “‘apparent excretion” on control 


Al excreted (g. per day) 


Fig. 1. Pig 2022. 
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Fig. 2. Pig 2023. 


diet in the case of this pig. A factor has been calculated as an average for the 
other five pigs, and has been applied as a correction to the result in this case. 
The difference between aluminium ingested and aluminium excreted during 
a period of 6 days at the end of a lengthy period of aluminium feeding was 


only 3%. 
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Table II 8B. Growth of pigs in second experiment. 
Diet ... bis ies Control 15 g. alum per day 


OOO OOOO 
Sex and No. of pig... F. 2474 F.2477 M. 2480 F. 2475 F.2479 M. 2488 


Weight 
At commencement (Ib.) 54 48 65 60 49 61 
After 30 days 62 60 87 82 63-5 89 
After 60 days 92 69* 112 119 94 116* 


x 


After 90 days 122* 111-5 157-5 155 107 5 
Maximum 144 
Death (108 days) 124 
Conclusion—110 days 134 183 177 135 


* Pig on metabolic experiment during this period. 


Table III. Excretion of aluminium by pigs receiving aluminium in the diet. 
Pig No. 2022 2477 2474 


Added Al in diet per day (g.) eee oe ---  1-4340 0-7884 
Number of days on which Al was added... oe ae 7 9 
A. Total Al ingested (g.) sve pee os wate --- 10-038 7-0956 


Apparent excretion of Al on aluminised diet (g.) ... -- 10-0171 7-1082 
Additional excretion during after-period (g. ) se --- 00-8234 0-2457 
B. Total apparent excretion of Al ... oe --- 10-8405 73539 


Apparent excretion of Al on stock diet (e. . AL - kg. of 
faeces) --- 00-0253 0-0398 


Wt. of faeces for experimental period (kg. "e bee o. 146 6-9 
C. Equivalent apparent excretion on stock diet ... --- 00-3694 0-2746 0. 4445 


B-C. Corrected excretion ... oe = Sek -. 10-4711 7-0793 0-4789 


Difference between corrected excretion and totalingestion A 0-4331 -0-0153 0-2961 
Difference % ... = ae sie = ee -. 43 -0-1 3-2 


Table IV. Excretion of aluminium in faeces of experimental pigs 
recewwing aluminium. 
Pig No. 2023 2488 2475 
Al ingested per day (g.) 1-434 0-7884 0-8348 


Number of days for which total ‘Al exc cretion ¥ was determined 6 7 7 
A. Total Al ingested (g.) coe ae Eas sie -. 8-604 5-5188 5-8436 


B. Total excretion for experimental period aes -. 91879 5-6253 5-8771 
Apparent excretion of Al in faeces on control diet (g. perkg.) 0-0305 0-0337 0-0225 
Total weight of faeces for experimental period (kg.) -- 102 8-1 10-4 

C. Equivalent excretion of Al on control diet (g.) oe «6.111 0-2730 0-234 


B-C. Corrected excretion for experimental period (g.) ... 8-8768 5-3523 5-6431 


Difference between corrected excretion and total ingestion 0-2728 -0-1665  -0-2205 
Difference % ... ae aos coe — aoe <1 —3-0 -3°8 


Second experiment (December, 1929-A pril, 1930). (a) Feeding and growth. 
The results obtained in Exp. 1 seemed of sufficient interest to warrant a 
further trial. Accordingly six pigs were selected and divided into two groups 
as before. The same basal ration was used, but in this case the experimental 
animals received 15 g. of alum per day. The conditions and time of year were 
adverse to good growth, and after the sixth week of the experiment an addition 
of separated milk at the rate of 1 lb. per lb. of ration was made, which im- 
proved progress. One of the control pigs died of pleuro-pneumonia a few days 
before the experiment was concluded; there had been no previous record of 
illness, and all the other animals remained healthy throughout. 
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The weight records show that the aluminium-fed pigs in this case did as 
well as, if not slightly better than, the controls. Taking the two experiments 
together it would appear that aluminium fed at the levels adopted had no 
particular effect on the growth or health of the animals. It was noticeable that 
the pigs on the aluminium diet gave a considerably larger weight of faeces per 
pound of food ingested, on the average about 50% more as determined during 
the metabolic experiments. But the transference of the aluminium to the 
control pigs for periods of 7 days or more did not bring about any change in 
the moisture content of the faeces of either the control or experimental animal. 

(b) Metabolic experiments. The results of four metabolic experiments are 
set out in Tables III and IV (pigs 2477, 2474, 2488, 2475). Pigs 2474 and 2475 
received in place of alum during this period aluminium phosphate in the 
form of a decomposed baking powder (Calumet brand) at the rate of 40g. 
per day, which yielded approximately the same quantity of aluminium. In 
all cases there is close agreement between the aluminium ingested and that 
excreted in the faeces during the experimental period. The actual difference 
is of the order of 0-02 g. of aluminium on an ingestion of 0-8 g.—a difference 
within the limits of probable error for sampling and analysis. In the control 
animals, the rapid rise in aluminium excretion within 24 hours of ingestion and 
the rapid diminution and return to normal level within 3 days of cessation, 
are again notable. 

Urinary excretion of aluminium. 


In the above balance figures no account has been taken of the urinary 
excretion of aluminium. The actual figures for such excretion in the case of 
the six pigs used in metabolic experiments are given in Table V. 


Table V. Aluminium found in urine during metabolic experiments. 
Pig No. 2022 2023 2477 2488 2474 
A. Control diet: 
Days on diet 14 1: 10 12 
Days on which Al was found 3 2 E 2 7 
Total Al found (mg.) 15-7 6-1 “2 0-9 
B. Aluminium diet: 
Days on diet 7 
Days on which Al was found 1 
Total Al found (mg.) 3-0 


Aluminium found over whole period (mg.) 18-7 . é 


6 
8 


It seems probable that this aluminium found in the urine, though small 
in amount, was derived from faecal contamination, a process difficult to 
prevent entirely. The following considerations favour this conclusion. The 
urine was, in the majority of cases, quite clear and apparently free from sus- 
pended matter, and in these cases it was not filtered; sometimes it contained 
aluminium, but more usually it did not. In other cases, where the urine 
obviously contained suspended matter, it was filtered to remove this. The 
solids were finely divided, as quick filter papers did not hold them back, and it 
was necessary to use No. 50 Whatman (hardened) papers and suction to obtain 
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a clear solution. After such filtration, the urine never contained aluminium. 
The amount of material left on the filter was negligible and could not have 
added noticeably to the weight of aluminium in the faeces, if transferred to it. 


Urinary excretion of phosphorus. 

The results for excretion of urinary phosphorus are given in Table VI, 
and show no clear difference between the phosphate output of the control and 
experimental animals before or after the change in diet. There is no evidence 
of any diversion of phosphorus from the urine as the result of addition of 
aluminium in the form of alum. 


Table VI. Urinary output of phosphate of pigs on control and 


aluminium diets. 
Phosphate output 


in urine 


Wt. of pig Aluminium compound Control Aluminium 
Pig No. kg. added to diet diet diet 
2477 (control) 30 Soda alum 1-07 1-09 
2488 (experimental) 42 = 1-41 1-22 
2474 (control) 39 Aluminium phosphate 1-71 1-8 
2475 (experimental) 53 - 2-32 2-20 


Aluminium content of animal organs. 


When the animals in the various experiments were slaughtered, the liver, 
lungs, heart, small intestine and stomach were analysed to determine the 
aluminium content, with the results shown in Table VII. 


Table VII. Aluminium content of the organs of pigs on control and 
aluminised diets. 


Aluminium content (mg. per 100 g. of fresh material) 


No. of Al fed per Small 
pig day (g.) Lung Heart intestine Stomach 


A. Control pigs 
2030 
2480 
2022 
2474 
2477 
B. Experimental 
2023 
2029 


2475 


ma 
2 
® 
" 


0-17 
0-15 
0-14 
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eee 
SI ot 
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| 


Ow 

eeee°O 
© Or 100 
we © Oro = 


0-47 


S 
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a2 


70 , 0-24 0-72 
70 : 0-16 1-25 
100 , 0-31 0-44 
2479 100 _ 0-24 0-55 
2488 100 . 0-17 0-94 
Average—5 control pigs , 0-23 0-56 
Average—5 experimental pigs “le 0-23 0-78 
(0-66) 

* Indicates result of one sample. The remainder were in duplicate. 
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These figures show that there is a definite increase in the aluminium content 
of the liver and small intestine as a result of aluminium ingestion but that 
there is no marked rise in the other organs, the high figure for the heart in 
the experimental group being due to an aberrant figure from pig 2029. The 
results for stomach material are irregular. 





THE BIOCHEMISTRY OF ALUMINIUM 


Discussion. 


The daily excretion of aluminium indicates very clearly that faecal ex- 
cretion rapidly falls to a negligible amount when aluminium is withheld. 
The delayed excretion is small in amount and seems to be due to me- 
chanical obstruction in the intestine; it can hardly be accepted as evidence 
of the elimination of absorbed aluminium. But the method does not take 
account of small quantities, which might be absorbed and excreted without 
appreciably affecting the results. A more effective argument against absorp- 
tion is the relatively small excretion of aluminium in the urine, or absence of 
excretion when the urine has been filtered to remove traces of faeces. The 
urinary excretion of phosphate disposes of the very doubtful assumption that 
aluminium may affect the metabolic processes by combining with available 
phosphate in the intestinal tract and thereby immobilising it. A further con- 
tention against absorption of aluminium to any great extent is afforded by 
the very small amount of the element found in the organs most likely to be 
affected by any absorption when on an aluminised diet for a period of 70 days 
and upwards. 

SuMMARY. 


(a) Intake and excretion of aluminium in the pig are equal (within the 
limits of experimental error). 

(6) Aluminium excretion is confined solely to the alimentary tract. 

(c) The absorption of aluminium from normal diets containing moderate 
amounts of available aluminium, as determined by the analysis of the organs, 
is small. 

(d) Diversion of phosphates from the urine to the faeces does not occur 
on such diets. 

(e) No harmful effect on general growth and metabolism results from 
feeding comparatively large amounts of aluminium. 


My thanks are due to Professor J. J. R. Macleod for his continued interest 
and advice; to Mr Godden, head of the Biochemical Department, for much 
valuable information and assistance; and to Messrs Thomson and Middleton, 
for the performance of the practical work with pigs. 
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CLVIII. THE MODE OF ACTION OF TYROSINASE. 


By CAECILIA ELISABETH MARY PUGH. 
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(Received August 26th, 1930.) 


Ir is well known that tyrosinase in presence of molecular oxygen will oxidise 
phenol, p-cresol, m-cresol and tyrosine, which are all monohydric phenols. 
The action of tyrosinase on these phenols is specific and distinguishes this 
enzyme from laccase and from peroxidase. These latter either do not oxidise 
the above substances or do not oxidise them in the same way that tyrosinase 
does. Tyrosinase, as well as laccase and peroxidase, readily oxidises o-dihydric 
phenols such as catechol, homocatechol, or 3 : 4-dihydroxyphenylalanine. 
This ability of tyrosinase to oxidise both monohydric and o-dihydric phenols 
raises the question of the nature of tyrosinase: whether it consists of a single 
enzyme able to oxidise both these types of substance, or whether it is com- 
posed of two enzymes, one acting only on monohydric phenols, the other only 
on o-dihydric phenols. 

That the latter view is unlikely is rendered probable by experiments 
described in this paper. A number of methods have been used in attempts to 
separate the two hypothetical enzymes, or to destroy the one without the 
other, but without success. In presence of either cyanide or sulphite, however, 
the action of tyrosinase on p-cresol was retarded to a greater extent than on 
catechol. Heating or storage has also brought out a difference between the 
action on monohydric and o-dihydric phenols. These differences do not neces- 
sarily indicate two different enzymes, but may be explicable in terms of the 
mode of action of the enzyme, as discussed later. 

A further possibility is that tyrosinase consists of an enzyme which oxidises 
o-dihydric phenols, together with a trace of an orthoquinone, and that the 
latter is able to convert a monohydric into an o-dihydric phenol. The o-dihydric 
phenol thus produced would be converted into an orthoquinone by the enzyme, 
so that, once action had been started by the trace of orthoquinone, the reaction 
would proceed. This view has been put forward by Onslow and Robinson 
[1928]. 

The evidence on which this suggestion was based consisted principally in 
experiments in which the orthoquinone assumed to be present in the enzyme 
preparation was supposed to be selectively adsorbed by charcoal. The enzyme 
which remained acted on catechol but not on tyrosine, although it acted on 
tyrosine when a trace of catechol was added. A consideration of these experi- 
ments as described by Onslow and Robinson shows that an interpretation other 
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than that put upon them is possible. Onslow and Robinson treated an oxidase 
preparation from the potato with charcoal several times, and after three treat- 
ments obtained a preparation which showed no lessening in activity on cate- 
chol, but which acted scarcely at all on tyrosine or p-cresol unless catechol 
were added as activator. In these experiments, action on catechol was “in- 
stantaneous”’ until after the fourth treatment with charcoal, so that if action 
on catechol had been much quicker originally than after the third treatment, 
the fact would not have been apparent. Action on catechol fell off with 
further treatment with charcoal. It appeared therefore possible that action on 
o-dihydric as well as on monohydric phenol might be retarded by treatment 
with charcoal, owing to slight adsorption of the enzyme. The experiments of 
Onsléw and Robinson have been repeated, with the modification that each 
sample was diluted before being tested, to avoid instantaneous action on 
catechol. It was found that action on p-cresol and on catechol fell off together. 

It must be pointed out that if the view of Onslow and Robinson were 
correct, it should be possible to imitate the action of tyrosinase on monohydric 
phenols by means of an enzyme which oxidises o-dihydric phenols, by addition 
to it of a trace of an orthoquinone. The experiment has been tried, using the 
slug Arion ater as source of the enzyme; no action on monohydric phenols 
was observed, even on addition of a little homoquinone. Further, if the action 
of tyrosinase on o-dihydric phenols depended on conversion of monohydric to 
o-dihydric phenol by orthoquinone, orthoquinones should be able to bring about 
this change in absence of the enzyme. Attempts to show such a conversion 
by means of homoquinone did not succeed. The conclusion, therefore, seems 
warranted, that there is no satisfactory experimental evidence in favour of 
the view that tyzosinase has the constitution assigned to it by Onslow and 
Robinson. 

Evidence has been brought forward by Raper [1926] and by Pugh [1929] 
that the action of tyrosinase on monohydric phenols is auginented by addition 
of a trace of o-dihydric, phenol. The initial lag which can be observed when 
tyrosinase acts on tyrosine, p-cresol or phenol is absent if a little catechol or 
3: 4-dihydroxyphenylalanine is added. These observations show that the 
action of tyrosinase on those monohydric phenols which it attacks is initially 
accelerated by means of some product of its action on o-dihydric phenols. It 
has already been pointed out that there is no ground for the view that this is 
due to the oxidation of the monohydric phenol by an orthoquinone produced 
by action of the enzyme on the trace of o-dihydric phenol added. An addi- 
tional difficulty in accepting this view is that 3 : 4-dihydroxyphenylalanine 
will act as activator, although the product of action of tyrosinase on it does 
not blue guaiacum, oxidise an external amino-acid, or form an anilinoquinone 
in presence of aniline, all of which reactions are given by a free orthoquinone, 
such as is produced from catechol. 

It is possible, however, that an orthoquinone, acting as a peroxide, may 
increase the activity of the enzyme in some way. The possibility of a similar 
91—2 
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action by hydrogen peroxide is also to be considered. It has been definitely 
established that the action of tyrosinase on o-dihydric phenols produces ortho- 
quinones; the simultaneous production of hydrogen peroxide is possible, but 
has not been proved. Onslow and Robinson [1926] demonstrated the pro- 
duction of hydrogen peroxide during the autoxidation of catechol, and also 
by the action of potato oxidase on catechol, which was confirmed by Platt 
and Wormall [1927]. Potato oxidase, however, contains both tyrosinase and 
laccase, so that it is not certain which of them produces hydrogen peroxide or 
whether both do. If hydrogen peroxide were produced by the action of 
tyrosinase, it might augment the action of the enzyme on monohydric phenols. 
It was shown by Martinon [1885] that phenol can be converted into catechol 
almost quantitatively by the action of hydrogen peroxide, in presence of a 
catalyst such as an iron or copper salt. It was conceivable that tyrosinase 
might serve as a catalyst in this reaction. Evidence is brought forward in this 
paper that both orthoquinone and hydrogen peroxide can accelerate the action 
of tyrosinase on monohydric phenols. This suggests that the mode of activa- 
tion of tyrosinase by o-dihydric phenols is by peroxide formation. If we 
assume that hydrogen peroxide is produced when tyrosinase oxidises o-dihydric 
phenols to orthoquinones, then both products of action being peroxides can 
act as activators of the reaction. 

Neither orthoquinone nor hydrogen peroxide appears to be able to activate 
the enzyme in absence of a suitable substrate, since preliminary treatment of 
the enzyme preparation with either of them did not hasten its activity. No 
evidence has been obtained that either orthoquinone or hydrogen peroxide can 
by itself convert monohydric to o-dihydric phenol in absence of the enzyme 
at the requisite rate to account for action on monohydric phenol. Nor is there 
any evidence that anything apart from molecular oxygen is necessary to 
enable tyrosinase to act on monohydric phenols. 


EXPERIMENTAL. 


Attempts to resolve tyrosinase into two enzymes. 


The following attempts were made to separate tyrosinase into two enzymes 
able to act respectively on monohydric and on o-dihydric phenols. Mealworm 
tyrosinase, prepared by the method of Raper [1926] and filtered, was used. 
The activity of the preparations was tested by measuring the rate of oxygen 
absorption which accompanied action on p-cresol and on catechol in micro- 
respirometers of the Barcroft type. The left bottle contained 1 cc. 05% 
p-cresol in phosphate buffer, p,, 7-0, or 1 ec. 0-5 % catechol in phosphate buffer, 
Pu 6-0, 1 cc. enzyme preparation, buffer to 3 cc. The right bottle contained 
1 cc. enzyme preparation, buffer to 3cc. Thymol was added, and sodium 
hydroxide was placed in the small tube fused into each bottle, to absorb 
carbon dioxide. Table I gives the results. Differential activity on p-cresol and 
catechol was not obtained after subjecting the enzyme to the modes of treat- 
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ment described in column 1 of the Table. Hence these methods provide no 
evidence of the existence of two separate enzymes in tyrosinase. 


Table I. 


mm.° QO, absorbed in 1 hour 
eee reece 


e. 7 
Untreated Treated 








c —_—_——“ ~ tf ma. 

: Treatment p-Cresol Catechol p-Cresol Catechol 
Dialysis 138 57 
Heated at 75° for 10 mins. 152 2 25 
In N/64 HCl for 40 mins.; neutralised 152 2 15 
In NV/32 NaOH for 40 mins.; neutralised 152 22 71 
Precipitated by 60 % sat. (NH,),SO,; 200 22 62 

dissolved in 0-01 % ammonia 
Precipitated by acetic acid at py 5-0; 200 

dissolved in 0-01 % ammonia 
Precipitated by 50 % alcohol; dissolved 200 

in 0-01 % ammonia 

* At py 7-0. 


Sensitivity of tyrosinase to cyanide, using different substrates, was also 
measured in Barcroft micro-respirometers. Tyrosinase from mealworms, pre- 
pared by the centrifuge method described below, was used. It was found, 
working at py 7-0, that M/2500 KCN retarded action on p-cresol to the extent 
of about 68 %, on phenol 71 %, on catechol 47 °%. Thus a distinct difference 
towards cyanide was exhibited between action of the enzyme on monohydric 
and on o-dihydric phenols. 

Preparation of tyrosinase from mealworms. The following modification of 
the method of Raper [1926] for the preparation of tyrosinase from mealworms 
was adopted. About 100 g. mealworms are chloroformed and washed, then 
crushed with water acidulated with acetic acid to the extent of about 0-1 %. 
The pulp is strained through coarse muslin, and the residue again crushed 
with acidulated water. The process is repeated until the residue consists only 
of hulls, and the fluid measures about 300 cc. The fluid is centrifuged imme- 
diately. A creamy layer separates at the surface, and is poured away together 
with the liquid. The greyish residue is beaten up with water acidulated with 
acetic acid to the extent of about 0-01 %, altogether about 300 cc., and the 
product is again centrifuged. This washing is repeated twice more. The residue 
is transferred to a wide-mouth stoppered bottle with the aid of 300 cc. water, 
and is well shaken up with it. Then 1 % ammonia is added till a blue colour 
is just discerned on testing with absorbent red litmus paper. Chloroform is 
added as antiseptic, and the bottle is allowed to stand at room temperature 
for several days with occasional shaking. The product is centrifuged, then 
submitted to dialysis in running water for two days, and again centrifuged. 
The final volume is usually about 400 cc. Before the preparation was used in 
respirometer experiments, chloroform was removed from it im vacuo, and 
replaced by thymol. 

Note on tyrosinase from mealworms. It is advisable to free the preparation 
from fat as it contains a lipolytic enzyme which otherwise causes fatty particles 
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to appear, and a diminution in alkalinity of the preparation. An alternative 
method of freeing it from fat to that described above is to dry the crushed 
mealworms, extract with ether, and dry again; treatment with alcohol, when 
followed by drying, inactivates the enzyme. Tyrosinase in mealworms appears 
to be associated with protein; it disappears during prolonged autolysis, and 
it is more readily extracted with dilute salt solutions than with pure water. 
Owing to the presence of a proteolytic enzyme, the preparation should be 
freshly dialysed for use in experiments in which amino-acids interfere; the 
enzyme is only partially precipitated by dialysis. The high figure obtained 
by Pugh and Raper [1927] for total oxygen absorption when tyrosinase acts 
on phenol was possibly due to use of a preparation in which proteolytic 
enzyme had been acting for some time; freshly prepared enzyme yields the 
figure 2-9 atoms of oxygen per molecule of substrate, in line with other mono- 
hydric phenols. The tyrosinase content of mealworms diminishes as they 
approach the pupal stage. 


Attempts to resolve tyrosinase into enzyme and coenzyme. 


An oxidase preparation was prepared from the potato as described by 
Onslow and Robinson [1928] and was treated with charcoal. The method of 
testing the preparations described by Onslow and Robinson was modified as 
follows. After each treatment with charcoal, 1.cc. liquid was removed and 
mixed with 5 cc. water. Of each of the diluted liquids 0-5 cc. was added to 
2-5 ec. 0-2 % p-cresol, and 0-2 ec. to 2-5 cc. 0-2 % catechol, both in phosphate 
buffer, py 6-5. Comparison tubes were prepared containing 2-5 cc. buffer, 
and respectively 0-5 and 0-2 cc. of the diluted preparation. The times which 
elapsed before the first appearance of colour were noted. 


Merck’s medicinal charcoal. 
Original After 1st After 2nd After 3rd After 4th After 5th 


liquid treatment treatment treatment treatment treatment 
p-Cresol 1} hrs. 2 hrs. 3 hrs. 4 hrs. 6 hrs. Nil 
(faint 
2 mins. 2? mins. 4 mins. 5} mins. 10 mins. Nil 
Catechol (faint) 
2} mins. 2? mins. 4 mins. 52 mins. 10 mins. Nil 
(faint) 


The final depth of colour diminished progressively in both series, as was 
likewise noted by Onslow and Robinson. Analogous experiments using Merck’s 
animal charcoal yielded similar results to the above. 

Experiments were also carried out with mealworm tyrosinase, prepared by 
the centrifuge method, in place of potato oxidase. This preparation was shaken 
for 15-20 mins. with Merck’s charcoal, of which 0-1 g. was used for every 5 cc. 
The mixture was filtered, and the process repeated with the filtrate. After 
each treatment 1 cc. of the liquid was mixed with 9 cc. water. Of each of the 
diluted liquids 0-5 ce. was added to 2-5 cc. 0-2 % p-cresol, and 0-2 cc. to 2-5 ce. 
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0-2 % catechol, both in phosphate buffer, p,, 6-5. The liquid after the fifth 
treatment was tested undiluted. 


Merck’s medicinal charcoal. 
Original After Ist After 2nd After 3rd After 4th After 5th 


liquid treatment treatment treatment treatment treatment 
p-Cresol 1} hrs. 1} hrs. 12 hrs. 4 hrs. 10 hrs. Nil 
(faint) 
Cntechat {2 mins. Fy mins. (24 mins. {3 mins. 12 mins. {35 mins. 
(2 mins. 2 mins. 124 mins. 3 mins. | 10 mins. (35 mins. 


Thus action on p-cresol and on catechol fell off together. Analogous ex- 
periments using Merck’s animal charcoal yielded similar results. 

Other adsorbents also failed to separate tyrosinase from any coenzyme 
which might enable it to act on monohydric phenols. Kaolin was heated with 
ammonia, then thoroughly washed till neutral to litmus. Of this 0-1 g. was 
used per 5 cc. mealworm tyrosinase. The mixture was shaken for 10 mins., 
centrifuged, and the process repeated with the supernatant liquid. A sample 
was taken after each treatment, and diluted 1 in 4. Of each of the diluted 
liquids 0-75 cc. was added to 2-5 cc. 0-2 % p-cresol in phosphate buffer, py, 7-0. 
The diluted liquids were each further diluted 1 in 30, and 0-5 cc. was added 
to 2-5 ec. 0-2 % catechol in phosphate buffer, p, 7-0. 


Original After 1st After 2nd After 3rd After 4th 
liquid treatment treatment treatment treatment 

p-Cresol & hr. 1} hrs. 1% hrs. 24 hrs. 34 hrs. 
Catechol 20 mins. 35 mins. 45 mins. 60 mins. 75 mins. 


Analogous experiments using barium carbonate and calcium carbonate yielded 
similar results. 

Alumina was prepared by dropping hot aluminium sulphate solution into 
an excess of hot 15 % ammonia slowly with shaking. Steam was then passed 
for 12 hours, and the product was washed by decantation till free from sul- 
phate. It was found to adsorb the enzyme completely. The enzyme was only 
slightly eluted with dilute ammonia or with phosphate solution, py 8-0. 
A more satisfactory adsorbent was prepared by precipitation of magnesium 
sulphate solution with sodium carbonate solution. The product was filtered, 
washed three times, and used fresh from the filter. The enzyme was completely 
adsorbed with this, and could be eluted with phosphate solution. The product 
was dialysed to remove phosphate, and the process repeated. The liquids were 
tested by addition of 0-5 to 2-5 cc. 0-2 % p-cresol in phosphate buffer, py 7-0, 
and diluted 1 in 7 before adding 0-5 to 2-5 cc. 0-2 % catechol in phosphate 
buffer, pq 7-0. The original liquids were further diluted 1 in 5. 


Original First elution Second elution 
p-Cresol 30 mins. 36 mins. 24 hrs. 
Catechol 13; 1 mins. 2; 2 mins. 7; 74 mins. 


Thus, even two adsorptions and elutions of the enzyme failed to alter the 
relative rates of action on p-cresol and catechol. 
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Dialysis was also without effect in this respect, and the dialysed prepara- 
tion blued guaiacum slowly just as did the undialysed preparation. Partial 
inactivation of the preparation by heating, however, caused, with some pre- 
parations, an increase in rapidity of attack on p-cresol relative to action on 
catechol. Some dialysed and some undialysed preparation was heated at 65° 
for 10 mins. To 2-5 cc. 0-2 % p-cresol in phosphate buffer, py, 7-0, or catechol 
in phosphate buffer, p, 6-0, was added 0-5 cc. of each preparation, diluted 
1 in 5 for testing on catechol. 


Unheated Heated 
Undialysed preparation 
p-Cresol 10 mins. 19 mins. 
Catechol 2} mins. 6 mins. 
Dialysed preparation 
p-Cresol 24 mins. 31 mins. 
Catechol 5 mins. 10 mins. 


It was suspected that a thermostable substance autoxidisable with pro- 
duction of hydrogen peroxide might be present in the preparation. The effect 
of aeration of freshly crushed mealworms on the relative rates of action on 
p-cresol and catechol was therefore determined. Some mealworms were ground 
up with water, and strained through muslin. The product was placed imme- 
diately in a desiccator which was then evacuated; a tube containing strong 
alkali was then upset into pyrogallol solution in the desiccator, to absorb the 
last traces of oxygen. Other mealworms were similarly crushed and strained, 
and a stream of air was drawn through the product for 1} hours. Both pre- 
parations were then rapidly centrifuged, the intermediate layers were pipetted 
off, diluted 2 in 7, and 0-5 cc. added to 2-5 cc. 0-2 % p-cresol in phosphate 
buffer, p, 6-5, then further diluted 1 in 8 and tested similarly on catechol. 


Aerated Not aerated 
p-Cresol 15 mins. 2? mins. 
Catechol 63} mins. 1} mins. 


Thus no detectable difference in relative rates of action on p-cresol and catechol 
was caused by aeration in this way. 

Increase in age of a preparation was found to increase its rate of attack 
on p-cresol relative to catechol. Tyrosinase from mealworms was prepared by 
the centrifuge method, and some was dialysed, centrifuged and tested by 
adding 0-5 cc. enzyme diluted 1 in 50 to 2-5 ce. 0-2 % p-cresol in phosphate 
buffer, py 7-0, and 0-5 cc. enzyme diluted 1 in 200 to catechol similarly. The 
preparation was preserved with chloroform. After about six weeks, some was 
similarly dialysed and tested, the enzyme being diluted 1 in 10 for action on 
p-cresol, and 1 in 40 for catechol. 


First test Second test 
p-Cresol 2 hrs. 20 mins. 
Catechol 2? mins. 2? mins. 


Thus the preparation after standing attacked p-cresol six times as quickly as 
before relatively to its action on catechol. This observation may possibly account 
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for the fact that old material is not activated by heating, since it is already 
activated. 
The activation of tyrosinase by an orthoguinone. 

Orthoquinones are unstable substances, and are fairly readily decomposed 
by water. In order to investigate the effect of addition of orthoquinone on the 
action of tyrosinase on phenols, an orthoquinone in aqueous medium was re- 
quired. Homoquinone is more stable than o-benzoquinone, and was therefore 
used for this purpose. Creosol was prepared from vanillin, and demethylated 
to homocatechol as described by de Vries [1909]. Of this homocatechol 3 g. 
was oxidised with silver oxide as described by Willstatter and Miiller [1911], 
100 ce. of ethereal solution containing the product being obtained. The ethereal 
solution was washed with water 20 times, 30 cc. water being used each time. 
The last two washings were combined, filtered, and used as an aqueous solu- 
tion of homoquinone. This homoquinone water blued guaiacum strongly, 
yielded a red colour with glycine solution, no colour with ferric chloride, 
and none with titanium sulphate (after several extractions with purified 
ether). On standing, the homoquinone water became much paler. After 
48 hours it produced no colour with guaiacum, or with glycine, but gave 
a strong ferric chloride reaction, though (after extraction with ether) it gave 
no colour with titanium sulphate. It was shown by Willstatter and Pfannen- 
stiel [1904] that o-benzoquinone is decomposed by water with almost quanti- 
tative production of catechol. It is probably an analogous change which takes 
place in homoquinone water. 

Homoquinone water added to tyrosine solution produced a pink or red 
colour, which later faded to very pale yellow. No subsequent darkening oc- 
curred. It is suggested that a red substance is produced by action of an 
external orthoquinone on tyrosine, different from that formed by condensation 
of the orthoquinone, produced by action of tyrosinase on tyrosine, with its 
own amino-group. This would explain the following observation made by 
Onslow and Robinson [1928]. When they allowed potato oxidase to act on 
1 cc. saturated tyrosine in phosphate buffer, p,, 7-0, action being activated by 
addition of 1 cc. 0-0005 % catechol, a red colour first produced faded, then 
the liquid darkened slightly, but the reaction never increased in intensity. 
They concluded that some additional factor to those needed for the early 
stages of oxidation was required for melanin formation. This conclusion is 
very improbable, since it was shown by Raper and Wormall [1923] that the 
red substance produced by action of tyrosinase on tyrosine forms melanin in 
air without any enzyme or other addition. 

The effect of homoquinone water on the action of tyrosinase on mono- 
hydric phenols was examined as follows. The following mixtures were placed 
in four test-tubes (1) 2-5 cc. 0-2 % p-cresol in phosphate buffer, py 7-0, 1 cc. 
water, and 0-5 cc. tyrosinase from mealworms prepared by the centrifuge 
method, freshly dialysed and centrifuged, diluted 1 in 16 with water, (2) 1 cc. 
homoquinone water freshly prepared replaced 1 cc. water in (1). Comparison 
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tubes were prepared in which 2-5 cc. buffer, p, 7-0, replaced the p-cresol 
solution in (1) and (2). In a second set of test-tubes, phenol replaced p-cresol, 
and the tyrosinase was diluted only 1 in 2. All tubes were duplicated, with 
identical results. The times which elapsed before appearance of colour were 
as follows. p-Cresol (1) 50 mins.; (2) 15 mins. Phenol (1) 2 hrs. 20 mins; 
(2) 1 hr. 20 mins. Thus p-cresol and phenol were more rapidly attacked by 
tyrosinase in presence than in absence of homoquinone water. The tests were 
repeated after the homoquinone water had stood for 24 hours, and 48 hours, 
with identical results. Thus the same degree of activation was observed after 
all tests for homoquinone had become negative. Assuming that homocatechol 
had been produced by decomposition of homoquinone by water, it would have 
been reconverted rapidly to homoquinone by action of the enzyme. 

The action of tyrosinase on catechol was not activated by homoquinone 
water. The tubes contained (1) 2-5 cc. 0-2 % catechol in phosphate buffer, 
Py 7-0, lec. water, and 0-5 cc. tyrosinase diluted 1 in 150; (2) 1 ec. homo- 
quinone water replaced 1 cc. water in (1). Comparison tubes were prepared 
in which buffer replaced catechol solution. In both (1) and (2) colour appeared 
after 2} mins. When 1 cc. homoquinone water was mixed with 2-5 cc. 0-2 % 
catechol in water or phosphate buffer, the mixture became paler much more 
quickly than without catechol, and the guaiacum reaction disappeared much 
more quickly. This is probably due to a combination of orthoquinone with 
o-dihydric phenol such as has been suggested by Szent-Gyérgyi [1925]. 

In order to determine whether orthoquinone could convert monohydric to 
o-dihydric phenol, 1 cc. homoquinone water was mixed with 2-5 cc. 0-2 % 
p-cresol or phenol in phosphate buffer, p,, 7-0, and allowed to stand for 3 hours. 
The guaiacum reaction still persisted. To these mixtures was then added 
0-5 cc. tyrosinase, diluted 1 in 16 for action on p-cresol, and the time which 
elapsed before appearance of colour was noted (1). The same addition was made 
to freshly prepared mixtures of substrate solution with homoquinone water 
(2), and with water (3). Tubes were prepared for comparison, in which buffer 
replaced substrate solution. p-Cresol (1) 20 mins; (2) 20 mins.; (3) 45 mins. 
Phenol (1) 15 mins; (2) 15 mins.; (3) 35 mins. Hence homoquinone water 
alone did not convert monohydric to o-dihydric phenol. 

There was the possibility that the whole phenomenon of initial lag when 
tyrosinase acts on monohydric phenol might be due to the presence in the 
enzyme preparations of some substance inhibitory to the action of tyrosinase 
on monohydric but not on o-dihydric phenol, and oxidisable by orthoquinone 
produced by action of the enzyme on the o-dihydric phenol. If this explana- 
tion were correct, preliminary treatment of the enzyme preparation with 
homoquinone water should activate the enzyme by eliminating the initial lag 
of action on monohydric phenol. In order to test this, 12-5 cc. mealworm 
tyrosinase prepared by the centrifuge method were shaken frequently with 
5 cc. homoquinone water for half an hour. The mixture was then extracted 
three times with its own volume of ether, and the remaining ether was boiled 
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off in vacuo. A control preparation was treated with water in place of homo- 
quinone water, and similarly extracted. The test solutions were (1) 2-5 ce. 
0-2 % p-cresol and (2) 2-5 cc. 0-2 % catechol, both in phosphate buffer, p, 6-5, 
while a third tube contained buffer for comparison. To each was added 0-5 ce. 
enzyme preparation diluted 1 in 10. The times which elapsed before appearance 
of colour were as follows. Treated with homoquinone water (1) 23 hrs. ; (2) 1 min. 
Treated with water (1) 24 hrs.; (2) 1 min. Thus preliminary treatment of the 
enzyme preparation with homoquinone water did not facilitate action on 
monohydric phenol. 


The activation of tyrosinase by hydrogen peroxide. 


It was shown by Bach [1906] that addition of hydrogen peroxide acceler- 
ates the action of tyrosinase on tyrosine. Later [1908, 1] he concluded that 
this effect was greater the older the material. Curves given by him in a 
succeeding paper, however [1908, 2], show that insufficient tyrosine was present 
to allow for greater action than that produced by the fresh preparation aione. 
In contradiction to Bach, Chodat [1907] found that the action of tyrosinase 
on tyrosine was retarded by hydrogen peroxide. It was then shown by v. Fiirth 
and Jerusalem [1907] that hydrogen peroxide caused activation or retardation 
according as it was present in small or large quantity. In the present experi- 
ments this has been confirmed. Hydrogen peroxide was found to have a re- 
tarding effect on the action of tyrosinase in buffered solution without causing 
any detectable change in p,;,, provided the enzyme were present in sufficiently 
small quantity. If the hydrogen peroxide, however, were present in small 
quantity relative to the amount of enzyme, it caused activation. 

The effect of hydrogen peroxide on the action of tyrosinase on monohydric 
phenols and on catechol was examined as follows. In the initial experiments 
the concentration of hydrogen peroxide was the same, and the enzyme was 
diluted for action on catechol and p-cresol, so that coloration took place in a 
measurable time. Conical flasks were used, in order to ensure adequate air 
supply. They were divided into sets of three, A, B and C. In the first set, 
flask A contained 25 cc. 0-2 % phenol solution in phosphate buffer, py 6-5, 
1 cc. water and 1 cc. mealworm tyrosinase prepared by the centrifuge method, 
freshly dialysed and centrifuged. In flask B, 1 cc. 1% hydrogen peroxide 
replaced 1 cc. water in flask A. Flask C contained 25 cc. phenol solution, 1 ce. 
water, and 1 cc. 1 % hydrogen peroxide. In the other sets of flasks, phenol 
was replaced by p-cresol, and the enzyme was diluted 1 in 10, or by saturated 
tyrosine in phosphate buffer, py, 7-0, or by 0-2 % catechol in phosphate buffer 
at py 6-5, and the enzyme diluted 1 in 10. Control flasks were prepared for 
comparison, containing plain buffer in place of substrate solution. The times 
which elapsed before appearance of colour were as follows. Phenol A 4 hrs. 
(faint); B 35 mins. p-Cresol A 2} hrs.; B25 mins. Tyrosine A 1 hr. (faint); 
B15 mins. Catechol A3 mins.; B15 mins.; C 24 hrs. Catechol in buffer alone 
acquired colour next day. In the other flasks no colour appeared for several 














1452 C. E. M. PUGH 





days, after which a pinkish colour appeared in the phenol and p-cresol C flasks, 
and the tyrosine C flask darkened slightly. 

It appeared from these results as if the action of tyrosinase on monohydric 
phenols were accelerated, and on o-dihydric phenol retarded, by hydrogen 
peroxide. The concentration of hydrogen peroxide was then diminished pro- 
portionally to the dilution of the enzyme, and slight initial activation of action 
on catechol was detected. It was suspected that this might be due to increased 
aeration owing to breaking up of hydrogen peroxide by catalase in the meal- 
worm preparation; the experiments were therefore repeated in large boiling- 
tubes, through which a current of oxygen, washed through water, was passed. 
The same results were obtained as in conical flasks. Action on catechol was 
compared with that on the corresponding monohydric phenol, phenol itself. 
In tube (1) were placed 40 cc. 0-2 % phenol in phosphate buffer, py 7-0, 4 cc. 
water, and 2 cc. enzyme preparation. In tube (2) 4 cc. 10-volume hydrogen 
peroxide replaced water in tube (1). In tubes (3) and (4) catechol replaced 
phenol in tubes (1) and (2) and both enzyme and hydrogen peroxide were 
diluted 1 in 100. Comparison tubes were prepared in which buffer replaced 
substrate solution. The times which elapsed before appearance of colour were 
as follows. Tube (1), 1 hr. Tube (2), less than } min. Tube (3), 3 mins. Tube (4) 
acquired colour after } min., but did not proceed with the rapidity of tube (3). 
After 5 mins., (3) and (4) were equally deeply coloured, then (3) gradually 
became deep yellow, while (4) became paler, and after 15 mins. was practically 
colourless. If, however, sufficient enzyme were present to produce sufficient 
colour, action of tyrosinase on phenol, catechol and p-cresol in presence of 
hydrogen peroxide was seen to produce a red colour in place of the yellow 
colour without hydrogen peroxide. 

Action of tyrosinase on tyrosine was also compared with that on 3 : 4- 
dihydroxyphenylalanine. Various dilutions of enzyme and of hydrogen per- 
oxide were used, identical in the two series. Colours appeared in the tubes 
with tyrosine very much more slowly than in those with 3 : 4-dihydroxy- 
phenylalanine, otherwise the rates of appearance of colour and the fading 
observed were analogous to those described above for phenol and catechol. 
Slight fading of the tyrosine tubes containing hydrogen peroxide as well as 
of the dihydroxyphenylalanine tubes containing it was also observed after 
several days. H. Onslow [1917] working with tyrosinase from rabbits, acti- 
vated with hydrogen peroxide, observed asimilar fading. The above experiments 
suggest that the action of tyrosinase on monohydric phenols is more activated 
by means of hydrogen peroxide than is its action on o-dihydric phenols. The 
nature of the activation of action on catechol is not clear, but such activation 
needs to be obtained with an enzyme free from catalase before any deductions 
can be drawn from it. 

It was shown as follows that the augmentation of the action of tyrosinase 
on monohydric phenols by means of hydrogen peroxide is not due to oxidation 
of inhibitory substances by the hydrogen peroxide. Mealworm tyrosinase 
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prepared by the centrifuge method was treated with an equal volume of 1 °%% 
hydrogen peroxide. It was allowed to stand for a few hours with occasional 
shaking, until no further bubbles came off. The product was diluted 1 in 5. 
A second sample of the same mealworm tyrosinase, to which no hydrogen 
peroxide had been added, was diluted 1 in 10. The test solutions were 
(1) 2-5 cc. 0-2 % p-cresol, (2) and (2 a) 2-5 cc. 0-2 % catechol, all in phosphate 
buffer, py 6-5. To each was added 0-3 cc. of the preparation, except to (2 a), 
to'which 0-1 cc. was added. Tubes were prepared for comparison, containing 
buffer in place of substrate solution. The times which elapsed before appear- 
ance of colour were as follows. Treated with hydrogen peroxide (1) 2 hrs.; 
(2) } min.; (2 a) 2} mins. Not treated (1) 14 hrs.; (2) $ min.; (2 a) 13 mins. 

If hydrogen peroxide is the effective substance in the conversion of mono- 
hydric to o-dihydric phenol by tyrosinase, its action must be catalysed in 
some way. This was shown as follows. To 2-5 cc. saturated tyrosine in phos- 
phate buffer, p, 7-0, was added (1) 1 cc. water; (2) 1 cc. 0-006 % H,0,; 
(3) 1 cc. water; (4) 1 cc. 0-1 % H,O,. Similar mixtures were prepared using 
0-2 % p-cresol and 0-2 % phenol in place of tyrosine. After 4 hours, the 
following additions were made: (1) 1 cc. 0-006 % H,0O,; (2) 1 cc. water; 
(3) 1 cc. 0-1 % H,O,; (4) 1 cc. water. Comparison tubes were prepared con- 
taining buffer in place of substrate solution. To each tube was then added 
0-5 cc. mealworm tyrosinase and the times required for appearance of colour 
were noted. Tyrosine (1) and (2) 45 mins.; (3) and (4) 10 mins. p-Cresol 
(1) and (2) 10 mins.; (3) and (4) 3 mins. Phenol (1) and (2) 2 hrs.; (3) and (4) 
12 mins. Some tyrosine was recrystallised from phosphate buffer, py 7-0, 
four times and 20 cc. of each liquid was tested by addition to it of 1 cc. 1% 
hydrogen peroxide. After a few days all tyrosine flasks to which hydrogen 
peroxide had been added were distinctly brownish. p-Cresol, twice distilled 
in a stream of carbon dioxide, as used in the work described in this paper, 
was similarly tested. To 20 cc. 0-2 % p-cresol was added 1 cc. 1 % hydrogen 
peroxide. After a few days a pink colour developed. Controls without hydrogen 
peroxide were uncoloured. Thus although hydrogen peroxide may be able to 
convert monohydric to o-dihydric phenol, it does not do so at the rate at 
which this conversion is brought about in presence of tyrosinase. 

The lag of action of tyrosinase on a monohydric phenol can be not only 
diminished as already shown, but, by means of sulphite, can be lengthened. 
To a series of tubes containing 2-5 cc. 0-2 % p-cresol in phosphate buffer, 
Py 6-5, was added (1) 1 cc. and (2) 0-5 cc. 0-005 °% sodium sulphite solution 
in phosphate buffer, pq 6-5. Another tube (3) contained no sodium sulphite. 
For each tube a comparison tube was prepared, containing buffer in place of 
p-cresol solution. Each mixture was made up to 4-5cc. with buffer, and 
0-5 cc. tyrosinase was added, diluted 1 in 10. Tube (3) acquired colour after 
1 hour, tube (2) after 4 hrs., tube (1) a faint trace of colour next day. The 
action of tyrosinase on catechol was also retarded by sulphite, but to a less 
extent. Sulphite of concentration 0-005 % had no detectable effect. Using 
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0-2 % catechol in phosphate buffer, py, 6-5, and 0-05 % sodium sulphite solu- 
tion, tube (3) acquired colour after 14 mins., (2) 6 mins., (1) 20 mins. 


Discussion. 


Experiments described in this paper show that there is no evidence that 
tyrosinase can be obtained in a form which does not act on monohydric phenols 
in absence of some coenzyme or activator. The failure of attempts made to 
obtain it in such a form appears to indicate that tyrosinase in presence of 
molecular oxygen is able to act on the monohydric phenols which it attacks 
without any coenzyme being necessary. This conclusion is borne out by the 
fact that neither orthoquinone nor hydrogen peroxide without any catalyst is 
able to convert monohydric to o-dihydric phenol at the observed rate of oxida- 
tion of monohydric phenols by tyrosinase. Such a conclusion does not preclude 
the possibility of the existence of another enzyme able to oxidise only 
o-dihydric phenols, and corresponding to the “oxygenase” of Onslow [1920]. 
It is found that a preparation obtained from a large black slug, Arion ater, 
by grinding it with sand, and extracting with phosphate buffer, p,, 8-0, causes 
oxidation of catechol and of 3 : 4-dihydroxyphenylalanine, but not of mono- 
hydric phenols, even on addition of homoquinone water or hydrogen peroxide. 
Happold [1930] has found that certain bacteria contain enzymes able to cause 
oxidation of catechol and not of the monohydric phenols attacked by tyro- 
sinase. These facts suggest that there is present in tyrosinase preparations a 
specific enzyme which causes the oxidation of certain monohydric phenols to 
take place, as well as the less specific oxidation of o-dihydric phenols. 

The action of tyrosinase on monohydric phenols is, however, hastened by 
some product of its action on o-dihydric phenols, and both orthoquinone and 
hydrogen peroxide seem able to act in this way. The fact that 3 : 4-dihy- 
droxyphenylalanine will serve as activator, although its orthoquinone does not 
yield the usual reactions of an orthoquinone, suggests that hydrogen peroxide 
is produced by the action of tyrosinase, and is the activator in this instance. 
With catechol it appears possible that both orthoquinone and hydrogen per- 
oxide may serve as activators. Any source of either of these peroxides would 
therefore cause activation. Experiments described in this paper show that 
there is present in the tyrosinase preparations used some substance able to 
hasten the action of tyrosinase on monohydric phenols, which is not removed 
by dialysis, is relatively stable to heating and to storage, and is more affected 
by cyanide and by sulphite than is tyrosinase itself. The retarding effect of 
sulphite is explicable as counteracting the effect of peroxides. The fact that 
this activator is found in old preparations in large quantity relative to the 
amount of enzyme, and that peroxidase was found by Pugh [1929] to increase 
the activity only of an old preparation of tyrosinase from mealworms, suggests 
that the activator may be of the nature of the precursor of a peroxide. Never- 
theless, tyrosinase can occur and act in absence of a peroxide such as is 
necessary for the action of peroxidase. This is shown by the following con- 
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siderations. It is found that pieces of banana skin cause oxidation of tyrosine 
and of p-cresol, but not of guaiacol until hydrogen peroxide is added. This 
shows that no peroxide is present, although both peroxidase and active tyro- 
sinase are present. Hence tyrosinase does not require such a peroxide to 
enable it to act on monohydric phenols, and does not consist of a peroxide 
together with a specific peroxidase. Molecular oxygen appears to suffice for 
the action of tyrosinase, although the action may be hastened by a peroxide. 


e 


SuMMARY. 

1. Attempts to separate tyrosinase into two enzymes have yielded 
negative results. 

2. Attempts to separate tyrosinase into enzyme proper and a coenzyme 
which would be responsible for its action on monohydric phenols have yielded 
negative results. 

3. Moderate heating, or storage, of certain tyrosinase preparations in- 
creases their activity on monohydric relative to o-dihydric phenols. Cyanide 
or sulphite has the contrary effect. 

4. The action of tyrosinase on monohydric phenols is hastened by water 


containing homoquinone. 

5. The action cf tyrosinase on monohydric phenols is hastened by hydrogen 
peroxide in small concentration. Slight initial activation of action on o-di- 
hydric phenol has also been observed; its cause is uncertain. 

6. There is no evidence that tyrosinase alone in presence of molecular 
oxygen is not able to oxidise monohydric phenols. 

7. The initial acceleration of the action of tyrosinase on monohydric phenols 
by traces of o-dihydric phenols appears to be due to peroxide formation, either 
hydrogen peroxide or both hydrogen peroxide and orthoquinone being responsible. 


I am much indebted to Prof. H. 8. Raper, under whose direction this work 
was carried out, for criticism and many heipful suggestions. 
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SincE the development by Fellenberg [1923] of Chatin’s method for the de- 
tection of minute amounts of iodine, numerous further improvements in the 
technique of micro-analysis for iodine have been introduced. In particular, a 
titrimetric estimation based on the iodide-iodate reaction of Winkler [1915] 
has been found to have advantages over Fellenberg’s colorimetric procedure, 
and a method on this basis devised by Leitch and Henderson [1926] has proved 
to be highly convenient for all ordinary purposes. It is noteworthy, however, 
that while the colorimetric method has been pushed to its limit of sensitivity, 
the iodine in the sample being finally extracted with one drop of chloroform, 
users of the titrimetric method have been content to carry out the titration in 
a final volume of 1 or 2 cc. While this is in general satisfactory it has the 
result, where materials of low iodine content such as blood are being examined, 
that the liberated iodine is in too low a concentration for the starch-iodide 
indicator to yield a sharp end-point. In consequence, the error involved in 
the case of bloods is + 10 % [Leitch and Henderson, 1926] being much the 
same as that in the colorimetric method. The urgent need of greater accuracy 
than this for the investigation of problems in iodine metabolism has led the 
author to devise a further modification of the titrimetric method in which the 
titration is performed in a volume of about 0-2 cc. without loss of either 
accuracy or convenience. The increased concentration ensures a deep blue 
colour with starch-iodide and a definite end-point. As a result the error in- 
volved is about + 1%. 
Titration vessels. 

In the procedure of Leitch and Henderson the potassium iodide extracted 
by alcohol from the combustion residue is transferred in aqueous solution to 
a 50 cc. Erlenmeyer flask, acidified, oxidised with bromine water and concen- 
trated to a volume of 1 to 2 cc. Since lower volumes than this cannot be con- 
veniently attained in such flasks, the author has devised titration vessels in 
the form of short tapering tubes (Fig. 1, actual size) in which the solution can 
be brought with ease to a volume of 0-2 cc. The tubes can be readily made by 
cutting off the upper cylindrical portion of centrifuge test-tubes. Regular 
boiling is ensured either by standing in the liquid a length of capillary tubing 
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in which the capillary is closed by a constriction about 0-5 cm. from the lower 
end, or, more conveniently, by sealing a short platinum wire into the tube as 
shown in Fig. 1. 

The tubes provided with platinum wires were tested as 
follows. 2 cc. of a solution of potassium iodide containing about 
0-5 y of iodine per cc. were added to each of two tubes and 2 ce. 
of water to a third. The contents of each tube were acidified with 
three drops of 1 % sulphuric acid and brought to the boil, where- 
upon three drops of saturated bromine water were added. The 
boiling was continued until the tubes contained about 0:2 cc. 

They were then cooled and a minute crystal of potassium iodide 

was added to each, followed by a small drop of starch solution. 

No colour developed in the control tube, but a strong blue 
appeared in the others, each of which on titration required 

0-0485 cc. N/1000 thiosulphate solution. In an estimation on the 

larger scale with ten times as much (20 cc.) of the same solution 

in an Erlenmeyer flask the titre was 0-485 cc. The accuracy of Fig, 1. 
the small scale method is thus established. 

The titration is performed with a 0-1 cc. pipette which has been drawn off 
to a fine tip. This has the additional advantage of making it slower in emptying 
and more readily controlled. The author uses a pipette in which divisions re- 
presenting 0-01 cc. are 2 cm. apart. A short graduated sleeve made from glass 
tubing and provided with a simple clip to hold it any desired position enables 
quantities of 0-0005 cc. to be readily measured. In titrating, the pipette is kept 
in the liquid and used to stir it during each addition of the standard solution. 
It is rarely necessary to refill the pipette during a titration, though this can 
be done if required from a small tube to which 0-1 cc. of standard solution has 
been added. The error due to the trace of solution removed on the tip of the 
pipette then becomes negligible. 

Since certain steps in the earlier processes of combustion and extraction 
are important when the final volume for titration is going to be small, the 
whole course of the analysis is now described. 


Method of analysis. 


5 cc. of blood are transferred to a 6 cm. nickel crucible and 4 cc. of 50% 
potassium hydroxide are added. The contents of the crucible are evaporated 
to dryness on a sand-bath and then heated below red heat at about 500°. This 
is best achieved by placing the crucible inside a slightly larger one containing 
a few chips of pipe-clay to prevent actual contact; the larger crucible, which 
can be conveniently held in an iron ring, is heated by a large non-luminous 
flame. A trial with the inner crucible empty and shaded from direct light will 
show how strong a flame can be used without bringing the inner crucible to 
a glow. 

When all fuming has ceased (about 7 minutes) the crucible is allowed to 
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cool and the residue is thoroughly crushed with a nickel spatula, taken up 
with water and again evaporated to dryness on the sand-bath. After further 
combustion for about 5 minutes, the residue is taken up with water and filtered 
hot into a beaker, a fast pipette (such as can be made from a discarded 50 cc. 
pipette) being used to transfer the liquid from the crucible to the filter. The 
pipette is rinsed into the empty crucible and this liquid is used to wash the 
precipitate. The precipitate is washed three times with hot water. The filtrate 
which should be almost colourless is then transferred to a clean crucible and 
evaporated to dryness on the sand-bath, the flame being turned down towards 
the end of the operation to avoid sputtering or decrepitating. It is advan- 
tageous to place the lids on the crucibles, the projection on the lid being bent 
underneath so as to engage with the edge of the crucible and leave a narrow 
opening for the escape of steam. 

The dry residue is heated as before for about 3 minutes and finally cooled. 
Just sufficient saturated potassium carbonate solution is now added from a 
small dropping tube to give a stiff smooth paste when rubbed into the residue 
with the aid of two fairly stout glass rods about 5 inches long and flattened at 
the ends. A few cc. of 95 % alcohol are then added and worked thoroughly 
into the paste. The extract is decanted into a shallow 5 cm. platinum dish with 
the aid of a thin glass rod. The extraction is repeated two or three times until 
the paste begins to crumble into fine particles which have to be pressed to- 
gether before the alcohol can be effectively decanted. 

The alcoholic extract with the addition of four drops of saturated potassium 
carbonate solution and a few cc. of water is gently evaporated to dryness. The 
residue is then heated for a brief interval in a colourless Bunsen flame to 
destroy any remaining traces of organic matter. The platinum vessel must be 
kept moving during this operation so that no portion comes to a glow. The 
time during which the crucible can be kept in the flame without overheating 
depends on the thickness of the platinum and is best judged by making a trial 
with the vessel empty. After cooling, the residue is brought into solution by 
the addition of two or three drops of water, evaporated to dryness and again 
heated in the flame as described. 

A drop of saturated potassium carbonate solution is then added to form a 
paste with the residue and the extraction is carried out as before, using first 
1 ce. of alcohol and then three successive amounts of about 0-5 cc. The extracts 
are decanted into the titration tube described above with the aid of a thin 
glass rod, a little water is added and the contents are evaporated to dryness 
on the sand-bath. Some provision is necessary for supporting the somewhat 
unstable tubes on the sand-bath; the author places them inside a glass cylinder 
made by cutting a beaker in half. It is also convenient to have a small vessel 
of sand in which the tubes can be firmly planted when being carried about the 
laboratory. 

To the tube which now contains a very small residue of salt is added about 
1 cc. of water and the resulting solution is acidified by adding three drops 
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of 1% sulphuric acid from a dropping bottle. The tube is then replaced on 
the sand-bath and, when the contents begin to boil, three drops of saturated 
bromine water are slowly added. The solution is evaporated to a volume of about 
0-2 ec. and then cooled; a minute crystal of potassium iodide is added followed 
by a small amount of fresh starch solution. The starch solution is added from 
a dropper drawn out to a capillary tip; a small drop is produced on the tip 
which is then touched against the inside of the tube just above the surface of 
the liquid. Finally, the solution is titrated as described above with N/1000 
thiosulphate solution. The thiosulphate solution should be made up in large 
volume with water containing 1% of amyl alcohol [Meyr and Kerschbaum, 
1928] and preserved in a large container of brown glass fitted with a soda-lime 
tube at the air inlet. Such a solution keeps its strength for months and fre- 
quent standardisation is not necessary. 

The following results illustrate triplicate analyses for iodine in two samples 


ee: I 106, 108, 108 y/litre. 
II 266, 262, 266 y/litre. 


In conclusion the author wishes to thank Dr C. E. Hercus for permission 
to make the investigation which was carried out in connection with the Goitre 
Research at the Medical School, Otago University. 
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INTRODUCTION. 


AttuoucH the bulk of the work recorded in the present series of papers has 
been carried out at 18°, there are two drawbacks to this particular temperature. 
The first is that the gelatin must be considered as a mixture of the two heat- 
reversible forms, A and B, A being the sol-producing form, which begins to 
appear only at temperatures of 15° and upwards and has an optical rotatory 
power of — 141°, B the gel-producing form, which exists only at temperatures 
below 35° and has an optical rotatory power of —313° [Smith, 1919]. The 
second objection is that considerable hydrolysis of the gelatin occurs in the 
alkaline solutions, thus adding an additional factor to a system already suffi- 
ciently complex in itself [Jordan-Lloyd, 1929]. In order, therefore, to study 
the problem in a form as simplified as possible, a number of readings were 
made at 0°. The pure gelatin used was prepared in the manner already described 
[Jordan-Lloyd and Pleass, 1927]. 

The solutions were placed in small glass jars fitted with ground glass 
stoppers. The jars intended for use with alkaline solutions were coated on the 
inside with hard paraffin wax to prevent any contact of the alkali and the 
glass. The solutions and the weighed gelatin pieces were left overnight at 0°, 
before the actual experiments were started. All alkaline solutions were made 
up with carbon dioxide-free water and experimental jars containing alkaline 
solutions were kept throughout the whole course of the experiments in closed 
containers over soda-lime. This precaution was found absolutely essential in 
any case where it was desired to keep an unbuffered alkaline solution at a 
constant p;, value for any length of time. The rapidity with which the carbon 
dioxide of the air is absorbed by these solutions creates a serious experimental 
difficulty. A lowering of the py value will occur even while an experimental 
jar has the stopper lifted only for the few minutes that are required to remove 
the piece of gelatin. For this reason it is impossible, with any degree of 
accuracy, to follow the swelling of the same piece of gelatin over a long period 
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of time if the experimental solution is alkaline (see Fig. 2). Every experi- 
mental jar containing an alkaline system can be used to obtain one experi- 
mental point and one only. The following method, therefore (based on a paper 
by Cameron [1929]), was adopted for determining the final py value of the 
experimental solutions. Comparator test-tubes, each containing 0-05 cc. of 
standard indicator solution, were taken to the cold chamber and 5 cc. of the 
experimental solution were placed in each tube which was then tightly corked. 
The series was matched for colour by titrating 10 cc. of a standard buffer 
solution with a standard N/10 solution of hydrochloric acid or sodium hy- 
droxide. The relative volume of indicator present was maintained approxi- 


Weight, % on dry weight 





10 20 30 40 50 
Days 


Fig. 1. Rate of swelling of pure gelatin at 0° in various solutions. 
- Water. x 0-2M NaCl. © 0-2M NaNO,. + 0-001N HCl, py =3-1. 


mately constant throughout the titration by continual additions of appropriate 
small quantities. From the volume of standard acid or alkali required to bring 
the colour of the buffer solution to that of the experimental tubes the py, value 
was read from a graph which had previously been prepared and which gave 
the titration curve for the standard buffer under the same working conditions. 
This colorimetric method, which gives py readings for the experimental tubes 
accurate only to 0-1 on the py scale, appears to be the most suitable one 
available for the determination of the pg values of unbuffered dilute alkaline 
solutions. The colours do not appear to be noticeably influenced by a tem- 
perature change from 0° to 18°. In every case, with the dilute alkaline solutions 
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there was a noticeable change of colour at the surface in contact with the air. 
As long, however, as the tubes were kept stationary, this colour change did 
not travel further down the tube than a distance of about 5 mm., and this 
portion could easily be covered over in using the tube for a colour match. The 
method is only available over a range of py extending from about 1-5 to 9-5. 
The following indicators were used: 


Thymol blue 1 
Methyl! orange 2 
Bromophenol blue 2- 
Bromocresol green 3 
“Universal indicator” 5 


Weight, % on dry weight 





Days 


Fig. 2. Rate of swelling of pure gelatin in 0-001 .N solutions of NaOH at 0°. The curves show 
the loss of alkalinity on each successive opening of the experimental jars after 42 days. 


x =first opening, py=9-9. +=second opening, pg=9°5. @©=third opening, p,=9-2. 

A =fourth opening, py =9-9. A=fifth opening, p,=7-7. 
Attempts to extend the range on the alkaline side were not successful. The 
colour change with “Universal indicator” becomes too sluggish for accuracy 
beyond py 9-5; thymol blue and alizarin yellow were tested, but determinations 
made with these indicators were not found satisfactory. With the more alkaline 
solutions, however, the error due to manipulation in the electrometric method 
becomes relatively small and, therefore, in these cases, pq determinations were 
made by means of the closed hydrogen electrode. On the acid side, the deter- 
minations not made colorimetrically were generally made with the glass 
electrode. 

In all experiments, except where otherwise mentioned, 0-05 g. of gelatin 
was used with 50 cc. of solution. It has, however, previously been shown that 
the relative amounts of gelatin to solution do not influence swelling [Jordan- 
Lloyd, 1929, and in the press] except in alkaline solutions at 18°. Mixtures 
were given 10 days at 0° to reach equilibrium (see Fig. 1). In a few cases, 
experiments were made at 25° and at this temperature equilibrium is reached 
in 5 hours. 

All experiments, except in strongly acid or alkaline solutions were carried 
out in the presence of toluene. 
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SWELLING CURVE FOR HYDROCHLORIC ACID AND SODIUM HYDROXIDE 
AT 0°, 18° anp 25°. 
In Fig. 3 is shown the swelling curve at 0° for gelatin in hydrochloric acid 
and in sodium hydroxide solutions for a range of py values from 0-1 to 14. 


10000, % x x ¥ 
; : 3 i 


Weight, % on dry weight 


o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Px 


Fig. 3. Swelling of pure gelatin at various temperatures. 


+ 0°; py of neutrality, 7°35. = —---- — 18°; py of neutrality, 7-06. 
X teeeeeee x 25°; py of neutrality, 6-95. 


On the same figure is drawn the curve for 18° as determined by earlier work 
[Jordan-Lloyd and Pleass, 1927]. In comparing the two curves it will be seen 
that, although generally similar, they differ in certain striking respects. Firstly, 
the curve at 0° is uniformly lower. (This is not in full agreement with earlier 
published work, but in this earlier work it had not been realised that for 
accurate figures both gelatin and solution must be cooled separately to 0° 
before the beginning of the experiment.) The py at maximum swelling in acid 
is not very different in the two curves, but where at 18° the acid curve shows 
a secondary increase of swelling, leading to solution at py values less than 1-1, 
at 0° the curve runs out to a level value. The solution of gelatin in concen- 
trated strong acid at 18° is not due to hydrolysis [Jordan-Lloyd, 1920]. If it 
be due to any change in the molecule, the change is certainly reversible, since 
the gelatin can be recovered and will dissolve in hot water and set to a gel. 
Whatever the cause, solution does not occur at the low temperature. The 
solution that occurs in concentrated solutions of sodium hydroxide at 18° takes 
place also at 0°. Pure gelatin dissolved in water by warming is completely 
precipitated by half-saturation with ammonium sulphate, giving a clear filtrate 
that does not give a biuret reaction. Pure gelatin dissolved in strong alkalis 
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by standing at 0° gives (after neutralisation of the solution) a very heavy pre- 
cipitate on half-saturation with ammonium sulphate. The clear filtrate from 
this gave in two experiments a very faint biuret reaction and a further very 
faint turbidity on full saturation with ammonium sulphate. The solution of 
the gelatin is, therefore, not due to hydrolysis, though it is accompanied by a 
slight hydrolysis. Solution, however, is accompanied by a change in character 
of the gelatin molecule, possibly due to racemisation [Jordan-Lloyd, 1920]. 

In the less concentrated alkaline solutions (py, 5-13), the swelling curve 
at 0° presents two points of contrast with the curve at 18°; the degree of 
swelling is considerably less and the py value of the external solution at the 
point of maximum swelling is considerably higher in the colder system. At 
18° maximum swelling occurs at py 9-9; at 0° it is at about py 11-5. There 
is some evidence that at 25° maximum swelling is at py 7-2. 

Another feature of very great interest in the curve for 0° is the existence 
of a flat plateau in the curve of alkaline swelling. At 18°, this flat portion of 
the curve lies between py 7 and 8. Between these two values, swelling is only 
very slightly affected by change of py value. At 0° this flat portion extends 
from py 7-5 to 10-5. At 25° the flat portion of the curve is no longer in 
evidence. 

A few points have been obtained which indicate approximately the swelling 
curve at 25°. Under these conditions and with the gelatin used, complete 
solution occurred at py, values less than 3 or greater than 10. In the acid zone, 
therefore, swelling increases with decreased value of p,,, but no maximum is 
reached, increased swelling leading to complete solution of the gelatin. On 
the alkaline side, there appears to be a peak of alkaline swelling at about py 7, 
followed by a second rise at py values greater than 9. At 25° all points in 
the alkaline zone (py >7) are, however, liable to large errors on account of 
hydrolysis of the gelatin. 

The shape of the curve at 25° indicates that swelling increases with tem- 
perature at all values of py except over a narrow range from py 5-65 
(roughly). At 25° the characteristic form of the swelling curve, which is 
clearly shown at 18° as well as at 0°, has disappeared. The typical features of 
swelling curves may be attributed, therefore, to the presence of gelatin B. 

The most striking feature of acid and alkaline swelling over the range of 
temperature examined is that with acid swelling the p, value at maximum 
swelling is unaffected by temperature, whereas with alkaline swelling the py at 
maximum swelling decreases as the temperature is raised [see also Pleass, 1930]. 


SWELLING IN SALT SOLUTIONS AT 0°, 18° anD 25°. 

The swelling in salt solutions was examined for the three sodium salts, 
chloride, nitrate and sulphate. The salts were used in concentrations of 0-2 M, 
0-5 M and 1-0M and were only examined at py 5-5-6-5 approximately. The 
temperatures of the experiments were 0°, 18° and 25°. The experimental results 
are recorded graphically in Figs. 4, 5 and 6. 
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Fig. 5. Swelling of pure gelatin in solutions of sodium nitrate at py 5:5. 
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Fig. 6. Swelling of pure gelatin in solutions of sodium sulphate at py 5:5. 
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The slope of the curve of swelling plotted against concentration of salt 
shows a characteristic value for each salt as long as solution of the swollen 
jelly has not actually set in. This shows well in the chloride curves (Fig. 4) 
where the slope of the curves for swelling plotted against salt concentration is 
the same at 18° and 25° as at 0°. The influence of the chloride on the swelling 
of gelatin is, therefore, equally affected by concentration at all temperatures. 
With nitrates, when the gelatin is on the verge of solution at 18°, the curve is 
different in form at 18° and 0° (Fig. 5). At 25° solution occurred in all three 
solutions of nitrates. 

It is interesting to note that, in the sulphate system at 0°, the coagulation 
of the gelatin that is characteristic of concentrated solutions of sulphates at 
18° cannot occur since these concentrations are in excess of saturation at the 
lower temperature. At 25° the extent of coagulation is the same as at 18°, but 
there is very little swelling due to the action of the sulphate in the solutions 
with a concentration of 0-5 M or less, the level for these points being the 
same as in distilled water at the same temperature. 

In all the experiments with salt solutions, the influence of temperature on 
salt action appears to be the same at all concentrations of salt, as long as the 
jelly is not on the verge of solution or as long as the salt remains in solution. 
The broken line curves in Figs. 4, 5 and 6 are reproduced from the previous 
papers in this series. They were made for experiments at 18°. 


Discussion. 


An examination of the slope of the curves of swelling of gelatin, in the 
presence of various electrolytes and over a range of temperature from 0° to 25°, 
shows that in any investigation of gelatin as a colloidal jelly, ¢.e. as a colloidal 
system characterised by the existence of the colloids in the form of coherent 
fibrils, only experimental data gathered at the lower temperatures present a 
true picture of the behaviour of the jelly. The forces of cohesion between the 
gelatin aggregates that lead to the orientation of these and the formation of 
the ultra-microscopic fibrils which are characteristic of the jelly are strongly 
affected by temperature and diminish rapidly with rising temperature. They 
are obviously also affected by the condition of the gelatin either as uncharged 
aggregates or as charged micellae, since the critical temperatures at which the 
forces of cohesion are overcome by the forces of solution are influenced by the 
Py Value of the system; isoelectric gelatin in water remaining coherent at tem- 
peratures below 35°; gelatin chloride at py 2-6 or less and sodium gelatinate 
at py 9-5 or greater, becoming completely dispersed at 25°. The swelling curve 
at 0°, a temperature at which the forces of cohesion remain considerable in all 
but strongly alkaline solutions (pj, > 13), presents, therefore, features of special 
interest. The striking feature of this curve is the lack of symmetry about-the 
point of minimum swelling, which may be assumed, in the absence of dissolved 
salts, to approximate very closely to the, isoelectric point. On theoretical 
grounds, if due regard is paid to the fact that the jelly is a system consisting 
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not only of gelatin but also of water, besides either an acid or an alkali, this 
lack of symmetry is not surprising, for although for the gelatin the dividing 
line between the properties of gelatin functioning as a base and gelatin func- 
tioning as an acid might be expected to occur at the isoelectric point of the 
gelatin, namely py 5, as regards that extremely important component of the 
system, water, the expectation undoubtedly would be that an axis of sym- 
metry would occur at absolute neutrality, namely py, 7-35 at 0°, 7-06 at 18° 
or 6-95 at 25° [Michaelis, 1914]. This important point appears previously to 
have been overlooked, but it is certainly merely an assumption that the internal 
pressure and cohesion of water will be equally affected by an excess of hydrogen 
ions and by an excess of hydroxyl ions. On the acid side of the isoelectric point 
of gelatin, therefore, there will be no reversal of properties either of gelatin or 
of water with increasing concentration of acid. In concordance with this, the 
curves of swelling of gelatin in acid solutions are comparatively simple. The 
general form of the curve is not affected by temperature, the py of maximum 
swelling measured in the external solution is at py 2-6 for all temperatures 
and the swelling can be interpreted equally well on Procter’s theory at 0° as 
at 18° or 25°. This theory is based on the assumption that there is an excess 
of diffusible ions in the jelly compared with the external solution, which leads 
to an osmotic pressure that causes the jelly to swell until the swelling forces 
are balanced against the cohesive forces of the jelly. This theory has been 
established by a considerable body of experimental data obtained by Procter 
himself [1914], Procter and Wilson [1916] and by Loeb [1922]. None of these 
writers discusses the mechanism of the forces which lead to the appearance of 
the osmotic pressure, but the kinetic theory of osmotic pressure is generally 
implied in their work. An understanding of what osmotic pressure actually is 
is essential to a full understanding of the problem of gelatin swelling. An 
excellent review of recent work on the subject is given by Lewis [1925]. This 
review includes an account of Tinker’s theory of osmotic pressure, which 
attributes the force to a solvent pressure, which is greatest in the pure solvent 
and falls in solutions owing to the constraint due to the presence of the solute 
molecules. Even if it be assumed, in accordance with Tinker’s theory of 
osmotic pressure, that the force actually causing swelling in a jelly is a pressure 
due to the solvent, in this case water, there is no need to modify the Procter 
theory of swelling in acid solutions. As long as the mechanism of osmotic force 
can be regarded as hydrostatic in nature, the interpretation of the results 
adapts itself easily to modern views as to the nature of osmotic action. In 
fact, certain phenomena become easier of interpretation, particularly the obser- 
vation that acid-swollen jellies extrude water in an atmosphere of saturated 
vapour, for, assuming that osmotic equilibrium is established in the jelly when 
the solvent pressure on one side of the jelly-water interface is equal to the 
solvent pressure on the other, then it is easy to see why the removal of the 
external fluid phase, and hence of the external solvent pressure, should be 
followed by a flowing out of water from within the jelly. The implications of 
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Tinker’s interpretation of the mechanism of osmotic pressure cannot, however, 
be followed here. 

To return to the consideration of the swelling curve at 0°, there remains 
for consideration the effect of temperature on the swelling of gelatin in solu- 
tions alkaline to the isoelectric point (not necessarily alkaline themselves). 
In these systems, as the p,, value increases from 5, there is a reversal in the 
properties of the water which changes in character from acid to alkaline, 7.e. 
it changes from a solution having an excess of hydrogen over hydroxyl ions, 
to one in which the reverse condition is true. How far this change is of primary 
importance in determining the shape of the alkaline swelling curve, it is, at 
the moment, difficult to say. The fact remains that the curve of alkaline 
swelling cannot be interpreted on the same simple osmotic basis as applies on 
the acid side. The form of the alkaline curve changes considerably with tem- 
perature. The p, value at which solution occurs and also the py value of 
maximum swelling decrease with rising temperature, and conversely the range 
of py over which the py value is without influence on swelling becomes more 
and more extended as the temperature falls. This interesting characteristic of 
the alkaline system is also shown in the independent observations of Pleass 
[1930] on the swelling of gelatin in solutions of calcium hydroxide. The zone 
of constant degree of swelling at variable p, is well marked at 0°, considerably 
abbreviated at 18° and non-existent at 25°. 

The interpretation of alkaline swelling, therefore, is not easy, for, in addi- 
tion, the alkaline solutions tend to produce irreversible chemical changes in 
the gelatin molecule [Dakin, 1912-13]. There is no doubt, however, that the 
characteristic peak of alkaline swelling is due mainly to forces of an osmotic 
nature. Over this range of py, the alkali-swollen gelatin resembles acid- 
swollen gelatin in that the addition of small quantities of normal salts leads 
to a suppression of the swelling, or transference of the swollen jelly from a 
liquid to a vapour phase is followed by the extrusion of water by the jelly. 
Over the zone of alkalinity lying towards the isoelectric point, this osmotic 
interpretation will not hold. Gelatin at the isoelectric point and in pure water 
does not swell by osmosis (i.e. by solvent pressure) but by imbibition. The 
latter is a process characterised by evolution of heat and contraction of volume. 
The forces of imbibition are not hydrostatic since very large pressures fail to 
inhibit imbibitional swelling. There is no doubt that the water of imbibition 
combines in some manner with the gelatin and that there is a loss of free 
energy to the system. Imbibition occurs in all aqueous solutions and, under 
all conditions, a part of the swelling of dry gelatin is to be attributed 
to it. Imbibition does not seem to be greatly affected by acid conditions, 
but a certain amount of circumstantial evidence suggests that it may be in- 
fluenced by dilute alkalis and by salt solutions. The latter stimulate gelatin 
swelling. Their action, however, is not osmotic, i.e. it is not to be attributed 
to the creation of a Donnan equilibrium on either side of the gelatin-water 
interface. Salt action is primarily due to direct influence on the cohesive forces 
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of the gelatin fibril. (It has already been pointed out elsewhere that gelatin, 
swelling in salt solutions, loses all coherence and is completely dispersed if the 
swollen weight reaches the figure of 4000 % of the dry weight, while gelatin 
swelling in acid or alkaline solutions can maintain coherence up to 7000 or 
even 10,000 %.) 

Solutions of sodium hydroxide have a similar influence on the swelling of 
many different kinds of fibres. Hairs, for instance, which are physically very 
different from jellies, swell in dilute solutions of the alkali or alkaline earth 
hydroxides [Kaye and Marriott, 1925]. Wool fibres show the same behaviour. 
This property, however, is not due to the protein nature of these fibres, since 
cellulose fibres swell in these alkaline solutions in exactly the same manner. 
Speakman [1930] attributes the swelling of the wool in water to hydration at 
the peptide links of the elongated protein molecule. The swelling of the viscose 
fibre in alkaline solutions has also been attributed to hydration, though the 
locality in the molecule at which this may occur has been left vague. An im- 
portant point about fibre swelling is that in the wool fibre, at any rate, it 
brings about very little change in the X-ray diagram of the fibre [Eroles and 
Speakman, 1930]. This suggests that imbibition is not accompanied by any 
displacement in the molecular components of the long keratin molecule and 
hence is more probably to be attributed to the separation of these elongated 
molecules allowing water to pass between. In other words, the volume of the 
free space between the fibrils (or molecules) is increased and therefore the total 
volume of the fibre is increased. How far the increased hydration due either 
to dilute alkalis or to salts can be explained on the same basis is still uncertain. 

The application of this theory to the case of the gelatin jelly follows readily. 
A fibre is to be regarded as a body composed of long molecules or fibrils, all 
arranged parallel to the axis of the fibre. A jelly can be regarded as composed 
of exactly the same long molecules or fibrils, only arranged haphazardly 
throughout the jelly, 7.e. without geometrical order. The same forces, however, 
which cause a spreading of the fibrils of the fibre with increase of volume, will 
also cause spreading of the fibrils of the jelly, again with increase of volume. 
The swelling of gelatin in very dilute alkaline solution can, therefore, be attri- 
buted to the spreading of the fibrils brought about by hydration of the fibrils. 
This type of swelling is most definitely marked at py 5-5 to 8-0. It is not to 
be confused with the osmotic swelling due to the formation of gelatin salts 
and their influence on the solvent pressure on either side of the gelatin-water 
interface. Some osmotic swelling will undoubtedly be present at all reactions 
alkaline to the isoelectric point. At 0° the osmotic swelling is small compared 
with hydration until the alkalinity becomes greater than py 10. At py 11-5 
osmotic swelling (due to solvent pressure) is at a maximum. At 18° the 
maximum of osmotic swelling is at py 10. 

The hydration swelling of alkalis resembles in many respects the swelling 
induced at the isoelectric point by salts. It is important to notice in this 
respect that salt solutions at high temperatures and neutral reactions have 
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the same swelling and solvent action on viscose fibres as solutions of the alkali 
hydroxides [von Weimarn, 1927]. With the gelatin jelly, the swelling at 0°, 
18° and 25° is independent of the volume of salt solution and is directly 
proportional to the logarithm of the concentration of the salt. If swelling be 
called S, then ; 

S = alogC, 


where a is a constant depending on the nature of the salt, but, as long as swelling 
has not proceeded so far that the coherent framework of the jelly starts to 
rupture, a is independent of the temperature. This property should give a clue 
to the nature of the forces causing salt swelling. It is an interesting observa- 
tion that with salt swelling which leads to solution, the degree of swelling 
plotted against time is a sigmoid curve, a fact which suggests that solution 
occurs at a critical point at the moment of rupture of the jelly framework. 

It appears probable to the writer that no interpretation of the whole range 
of water absorption of gelatin is possible until further information is obtained 
on the influence of very dilute alkalis and of solutions of salts on the properties 
of water. It is, however, abundantly clear that with gelatin and water, three 
mechanisms of swelling are in action: 

(1) imbibition, or restoration of water to a preformed structure; 

(2) osmotic swelling, due to an unequal solvent pressure in the solution 
and in the jelly: this is characteristic of acid solutions and alkaline solutions 
with a py value greater than py 7; 

(3) swelling of hydration, characteristic of salt solutions and of solutions 
of py greater than 5-5 but less than 7. 


SUMMARY. 


1. In hydrochloric acid, the swelling of gelatin at 0° rises to a maximum 
at py 2-6 and falls with increasing hydrogen ion concentration to a value 
which becomes stationary over a long range of py. Gelatin does not dissolve 
in concentrated solutions of the acid at 0°. 

2. At 0° the swelling of gelatin in sodium hydroxide solutions rises with 
increasing value of py, from 5 (the point of minimum swelling) to 7-5. There is 
an extended range of py, from 7-5 to 10, over which variation of the alkalinity 
has little effect on the swelling. In solutions more alkaline than py 10, there 
is a well-defined peak of maximum swelling at py 11-5. Gelatin dissolves at 0° 
in alkaline solutions at py 13 and upwards. 

3. The py of maximum swelling in acid solutions is not affected by tem- 
perature. 

4. The p, of maximum swelling in alkaline solutions is strongly affected 
by temperature; the lower the temperature, the greater the py value at the 
point of maximum swelling. 

5. In solutions of sodium chloride or nitrate at or near the isoelectric 
point, the absorption of water by gelatin increases with rising temperature. 
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Unless the system is on the verge of solution, the influence of temperature is 
the same over a wide range of concentration. 

6. Coagulation of gelatin gels by concentrated solutions of sodium sul- 
phate cannot occur at 0°, owing to the decreased solubility of the sulphate. 

7. At 25° gelatin dissolves in acid solutions of py < 3; in alkaline solu- 
tions of py > 9-5. There is no maximum of acid swelling, but a maximum of 
alkaline swelling occurs at py 7-2. 

- 8. In acid solutions, the swelling of gelatin jellies can be attributed to 
osmotic pressure (solvent pressure). In alkaline solutions, the swelling is only 
partly due to osmotic pressure (solvent pressure); it is also partly due to 
hydration. 


My thanks are due to Sir W. B. Hardy for the facilities of the Low Tem- 
perature Research Station at Cambridge and to the Council of the British 
Leather Manufacturers’ Research Association for permission to publish this 
work. I should also like to express my thanks to Mr J. Barlow and Mr V. 
Parsons who carried out a large part of the experimental work. 
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THE absorption of water by gelatin may occur by at least three different 
mechanisms. When immersed in distilled water, electrically neutral (isoelectric) 
gelatin absorbs water by imbibition. This water, which is held by capillary 
forces, may be regarded as penetrating throughout the system. In solutions 
of salts at about py 5, gelatin absorbs more water than the water of imbibi- 
tion. In these conditions, both positive and negative ions of the salt are 
apparently absorbed equally by the gelatin, causing hydration of the gelatin. 
This type of swelling is referred to as lyotropic or salt swelling. In either acid 
or alkaline solution, water absorption is induced by a different mechanism, 
the gelatin, acting as a weak base or a weak acid, combines with the electrolyte 
present to form ionisable salts with a non-diffusible ion. This leads to the pro- 
duction of an internal osmotic pressure within the gel which induces further 
water absorption. This type of swelling is referred to as osmotic swelling. 
Electrolytes may exert both an electrostatic and a lyotropic influence on the 
physical properties of gelatin. The electrostatic influence depends solely on 
the charge carried by the ions and, in the same conditions, is equal for the 
same concentration of different ions of similar charge. The lyotropic effect, 
however, is dependent on the specific nature of the ions. Generally, the 
electrostatic influence predominates in the more dilute solutions, and the 
lyotropic influence does not becomes patent until a greater concentration is 
reached. 

The curves for the water absorption of gelatin in hydrochloric, nitric and 
sulphuric acids coincide from py 5-0-3-2, but at concentrations greater than 
0-001 N, the specific nature of the acids becomes apparent [Pleass, 1929]. The 
most important observation is that the py value of the position of maximum 
swelling is determined by the anion of the acid. Hydrochloric and nitric acids 
induce maximum swelling of 6500 and 7000 % respectively, on the dry weight 
of the gelatin at p,, 2-6, while the maximum in sulphuric acid is only about 
5100 % and occurs at py 3-0. Previously it had been stated [Loeb, 1922] that 
bivalent acids induce swelling which at the maximum is only about half as 
great as that produced by univalent acids. The author, however, found that 
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maximum swelling in sulphuric acid is about four-fifths of the maximum in 
hydrochloric or nitric acid. It is obvious, therefore, that even in solutions of 
acid, where swelling has been assumed to be entirely electrostatic, the specific 
nature of the ions plays a part. The author has extended the study to that of 
calcium hydroxide in order to draw a comparison between the bivalent ion 
calcium and the univalent ion sodium. 


EXPERIMENTAL. 


The water absorption has again been measured by the percentage change 
in weight, calculated on the air-dry weight at 100°, of pieces of purified leaf 
gelatin when immersed in the experimental solutions for a period of 3 days 
at a temperature of 18° or above; in experiments at 12°, the pieces were 
allowed to remain for 4 days and at 0° for 7 days. The solutions were prepared, 
and in every instance brought to the temperature of the experiment before the 
pieces of gelatin were added. The experimental material was prepared as pre- 
viously described [Jordan-Lloyd and Pleass, 1927], but extreme care was taken 
to exclude carbon dioxide from the solutions. All bottles used were coated 
internally with paraffin wax and either sealed with wax or else allowed to stand 
in containers in the presence of soda-lime during the whole experiment. When 
determining the p,, value of dilute solutions of lime, a modification of a method 
described by Cameron [1929] was used. A titration curve has been obtained 
by means of the glass electrode for 10 cc. of B.D.H. “universal buffer solution” 
with N/10 hydrochloric acid and N/10 sodium hydroxide solution over a py 
range from 1-5-10. 0-05 cc. of a suitable indicator and 5 cc. of each of the 
experimental fluids are measured into comparator test-tubes, in this order and 
without shaking. The test-tubes are corked immediately and are then arranged 
in order of their py values. 0-1 cc. of the same indicator and 10 cc. of the 
“universal buffer solution” are measured into a small flask. This solution is 
titrated with N/10 hydrochloric acid or N/10 sodium hydroxide solution until 
the colour matches that of each of the experimental tubes in succession, 
exactly as described by Jordan-Lloyd [1930]. For solutions more strongly 
alkaline than p,, 9-5, either the glass electrode or the closed hydrogen electrode 
was used for the py determination. 

Only solutions of calcium hydroxide without the addition of any mineral 
salt have been examined, over the py range 5 to 12-5 and at temperatures of 
0, 12, 18, 22 and 25°. The curves correlating water absorption and final py 
value at the various temperatures are shown in Fig. 1. 

Swelling at 18°. The curve for 18° is generally similar in form to that 
for the sodium hydroxide system at the same temperature [Jordan-Lloyd and 
Pleass, 1927], but it shows some marked differences. The two curves nearly 
coincide from py 5 to 8, suggesting that in very dilute solutions the physico- 
chemical properties of the two hydroxides are almost identical. In more con- 
centrated solutions, the difference becomes more pronounced. In solutions of 
sodium hydroxide, the swelling of gelatin increases rapidly with increase in 
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the p, value until it reaches its maximum at about py 10. The curve of the 
calcium hydroxide system, however, has a much longer portion of low gradient, 
extending from py 7 to 9:5, and reaches its maximum at py 11. Complete 
solution of the gelatin occurs in both systems in solutions more alkaline than 
Py 12-1. The maximum swelling in solutions of sodium hydroxide is 4700 %, 
while for the calcium hydroxide system, the maximum is 4200 %. Loeb [1922] 
gives curves correlating the relative volume of 1 g. of solid gelatin with the 
internal p, value of the melted gel in solutions of uni- and bi-valent bases. 


10000f x= 0° 
+=12° | 
°=18° 
9000} °~ 22 + x 
¥- 25° 
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Weight, % on dry weight 





5 6 7 8 9 10 11 12 Py 


Fig. 1. The water absorption of leaf gelatin over a py range 5 to 12-5 at temperatures 
of 0°, 12°, 18°, 22°, 25°, in presence of Ca(OH).. 

Although the maximum of the curve for the bivalent systems relates to solu- 
tions more alkaline than the point of maximum swelling in the univalent 
systems, the difference between his two curves is much greater than that be- 
tween those of the author. In Loeb’s curves, at all corresponding py values, 
the swelling in solutions of bivalent bases is about half that in solutions of the 
univalent bases. This is a very important difference from the results of the 
author who finds that in dilute solutions the curves are nearly identical, and 
that at the maxima the swelling in the bivalent system is about seven-eighths 
of that in the univalent system. The author’s results for swelling of gelatin in 
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solutions of uni- and bi-valent acids are also at variance with those of Loeb. 
At 0°, however, the maximum increase in water absorption above that of the 
water of imbibition of the gelatin at the same temperature is approximately 
half as great as that in the sodium hydroxide system. It is possible that the 
“valency rule” postulated by Loeb should refer only to the increase in water 
absorption above that of the water of imbibition and in conditions in which 
hydrolysis and protein degradation are reduced to a minimum, 7.e. at low 
temperatures. 

The influence of temperature. The influence of temperature on the magnitude 
of the water absorption of gelatin from solutions of calcium hydroxide is shown 
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Fig. 2. The influence of temperature on the water absorption of leaf gelatin 
at the maximum, at py 10-0 and at py 8-1, in presence of Ca(OH). 


in Fig. 1. Speaking generally, the swelling is less the lower the temperature 
(see Fig. 2) and at the lower temperatures the swelling varies less with change 
in py value. At 0°, the limits of water absorption lie within 1100 and 2000 % 
for the whole range of py from 5 to 12-5. At low temperatures, the peak of 
maximum swelling is flatter and less clearly defined than at higher tempera- 
tures. With increase in temperature, the curves not only run to a much sharper 
maximum, but also the maximum occurs at lower py values, 11-55 at 0°, 11-3 
at 12°, 11-0 at 18°, 10-8 at 22° and 10-55 at 25° (see Fig. 3). From 0° to 18°, 
the portion of the curve which is of very low gradient becomes shorter with 
93—2 
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rise of temperature, while at 22° it has almost disappeared and a second 
maximum has occurred at py 8-1, which is the precursor of solution at 25°. 
Jordan-Lloyd has found similar results with the sodium hydroxide system 
[1930], but sodium hydroxide has a greater swelling and solvent action than 
calcium hydroxide. At 25°, the gelatin dissolves in all solutions of sodium 
hydroxide of py value greater than 9-7, while, although in solutions of calcium 
hydroxide at this temperature the gelatin is very soft and swollen, it does not 
dissolve completely in solutions less alkaline than py 11-3 except in solutions 
of py value between 7-5 and 8-3. 

Since osmotic swelling is due to osmotic forces acting in opposition to the 
cohesive forces of the gel, the increase in swelling with increase in temperature 
is probably largely due to the decrease in rigidity of the gel with increasing 
temperature. The author [1930] has investigated the setting of gelatin and 
finds that in the presence of sodium hydroxide at 0° and 12°, the minimum 
concentration of gelatin which will form a gel increases very slightly as the 





ee 10 20 25° 


Temperature 


Fig. 3. The influence of temperature on the py value of maximum water 
absorption in presence of Ca(OH),. 


alkalinity of the solution is increased from py 5-0 to 10-0. From py 10-0 to 
11-0, the gradient of the curve becomes steeper until, in solutions of greater 
alkalinity, gelation necessitates the presence of an increasingly high concen- 
tration of gelatin. In all the experimental solutions of py value greater than 
11-5, the formation of a gel is inhibited. At 18°, the gradient of the gelation 
curve is steeper and setting is inhibited in all solutions of greater alkalinity 
than py 10-2, while at 25° the gradient of the setting curve is increased to such 
an extent that gelation is inhibited in solutions more alkaline than py, 5-6. This 
is most probably due to some chemical change in the gelatin, possibly hydro- 
lysis, which proceeds much more rapidly as the temperature is increased. 
Titration curves for a 1 % solution of gelatin with hydrochloric acid or 
sodium hydroxide were obtained by measuring the py value of the solution 
immediately after mixing the electrolyte with the gelatin solution and again 
after keeping the solution for a week at 18°. (Atmospheric carbon dioxide was 
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rigidly excluded.) These curves are reproduced in a paper by Jordan-Lloyd 
[1929]. The py values of the acid solutions of gelatin are practically unaltered 
by keeping the solutions, but the py values of the alkaline solutions of greater 
alkalinity than py 6-5 decreased appreciably during one week. This suggests 
oe sodium hydroxide causes considerable chemical change in the gelatin at 

8°, which is probably responsible for the absence of a maximum on the setting 
curves for the alkaline solutions and thus reduces the symmetry of the system 
about the isoelectric point. The maximum in these setting curves for the acid 
gels occurs at about p,, 2-4 at all temperatures between 0° and 18°. Jordan- 
Lloyd [1930] also found that the p, of maximum swelling in solutions of 
hydrochloric acid occurs at py 2-5-2-6 both at 0° and at 18°. It is very 
interesting to note that at 0° the maximum swelling of gelatin occurs at 
Py 11-5-11-6 in both sodium hydroxide and calcium hydroxide solutions and at 
this py value the hydroxyl ion concentration is practically identical with the 
hydrogen ion concentration of maximum swelling in hydrochloric and nitric 
acid solutions between 0° and 18°, i.e. in each case in conditions in which 
hydrolysis and protein degradation have been reduced to a minimum. It seems 
probable, therefore, that the shift of the py of maximum swelling of the 
gelatin in alkaline solutions with increase in temperature may be caused by 
some chemical change in the gelatin molecule at higher temperature which 
leads to reduction in the strength of the gel. The shift in the pg value at which 
maximum swelling occurs with increase in temperature is considerably greater 
in the sodium hydroxide system than in the calcium hydroxide system. 

These results support Jordan-Lloyd’s opinion [1930] that in order to sim- 
plify the study of the physical properties of gelatin observations should be 
made at a temperature of 0°, at which temperature hydrolysis is reduced to 
a minimum. Much of the work on the physico-chemical properties of gelatin, 
especially that relating to combination with bases and equivalent weight esti- 
mations, is certainly open to criticism if the condition of the gelatin in the 
presence of alkali is altering both with time and increase of temperature. The 
zone of py value from 5 to 9-5 presents a difficult problem. The author is 
unable to offer any explanation of the portion of the curve of low gradient 
which occurs in the most dilute alkaline solutions or to explain the fact that 
at 25° the gelatin dissolves completely at pq 8 and does not do so in solu- 
tions at py 9-5. The discussion in a paper by Jordan-Lloyd [1930] contains 
some relevant ideas. 

SUMMARY. 

1. The influence of calcium hydroxide solutions on the water absorption 
of gelatin over a range of p, from 5 to 12-5 and at temperatures from 0° to 25° 
has been investigated. 

2. It has been found that the gelatin swells more at higher temperatures 
than at low. 

3. The py value at which maximum swelling occurs is dependent on the 
temperature. At 0° the maximum occurs at py 11-5 and at 25° at py 10°5. 
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4. The magnitude of the swelling in solutions of calcium hydroxide is 
always less than, but much greater than half, that of the swelling in solutions 
of sodium hydroxide at the same temperature and py value. At 0°, however, 
the maximum increase in water absorption from solutions of calcium hydroxide 
above that of the water of imbibition of the gelatin at the same temperature 
is about half as great as that in the sodium hydroxide system. Also, at 0°, 
maximum swelling occurs at py 11-5 in both the calcium hydroxide and 
sodium hydroxide systems and at this p, value the hydroxyl ion concentra- 
tion is approximately equal to the hydrogen ion concentration of maximum 
swelling in hydrochloric acid and nitric acid. The author stresses the im- 
portance of working at low temperatures, at which the gelatin less readily 
undergoes chemical change. 


The author wishes to express her thanks to the Council of the British 
Leather Manufacturers’ Research Association for permission to publish this 
paper and also to the Director, Dr D. Jordan-Lloyd, for her stimulating 
interest in this work. 
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In a recent paper [Aykroyd and Roscoe, 1929] are given the results of an 
examination of cereals and other foodstuffs for their vitamin B, content, using 
a method of estimation previously described by Chick and Roscoe [1928]. 
Vitamin B, was defined as “the factor in the vitamin B complex other than 
the antineuritic, which promotes growth and prevents dermatitis in rats.” 
The same definition holds good here. In the previous paper a summary of 
the literature on the subject was given, and nothing has since been pub- 


lished relative to the distribution of vitamin B, except an observation of 
Axtmayer [1929], that kidney beans can supplement autoclaved yeast 
(vitamin: B,) fed as sole source of the vitamin B complex, while polished rice 
supplements neither autoclaved yeast nor beans and is presumably lacking in 
both factors. 

Aykroyd and Roscoe showed that the distribution of vitamin B, corre- 
sponds with that of the P-P factor of Goldberger and his co-workers [Gold- 
berger et al. 1925, 1926], held to be preventive and curative of human pellagra, 
and also with that of the dietary factor which prevents ‘“black-tongue” in 
dogs [Goldberger et al. 1928 1, 2]. The rat’s needs for vitamin B, were found 
to be satisfied by the various foodstuffs in the order of their potency as regards 
the P-P factor and the black-tongue-preventive factor. It was, therefore, 
suggested that these three factors are identical; and that the dermatitis fre- 
quently produced experimentally in vitamin B,-deficient rats is the analogue 
of human pellagra, which in some ways it resembles, and of black-tongue. At 
the same time it was pointed out that rat “pellagra” does not develop on 
diets which produce human pellagra and black-tongue; a much more highly 
purified ration is required. It was found impossible, for example, to produce 
rat “pellagra” by feeding with maize. 

The purpose of the present research was to investigate further the relation 
between the epidemiology of human pellagra and vitamin B, deficiency. One 
of the most striking (and hitherto unexplained) facts about human pellagra is 











1480 W. R. AYKROYD 


its almost exclusive occurrence among maize-eating populations. In the pre- 
vious experiments [1929] we found that whole maize, though low in vitamin B, 
when compared with foods containing animal protein, was by no means devoid 
of the vitamin, and that maize endosperm compared well with wheat flour in 
this respect. In the present research two other staple cereals, rice and millet, 
have been included and their vitamin B, content compared with that of maize. 


METHOD USED FOR ASSAYING VITAMIN B,. 


The technique employed was that used previously [Chick and Roscoe, 1928; 
Aykroyd and Roscoe, 1929]. Vitamin B, is supplied to the rats as Peters’s 
antineuritic concentrate [Peters, 1924; Kinnersley and Peters, 1925], 0-1 cc. 
daily (equivalent to 0-6 g. yeast) being more than sufficient to cover the 
young rat’s needs for this vitamin. The caseinogen in the basal diet is freed 
as far as possible from vitamin B, by repeated washing with acidulated water 
and extraction with dilute acid alcohol. The composition of the basal diet 
(P,L) is as follows: 


Specially purified caseinogen sie see 20 parts 
Rice starch ... Se i re sa 60 
Arachis oil ... ets me = oe mB 5 
Salt mixture es ik c cs Do ss 
(Water ae a i nn 100-130 ,, ) 


The diet is cooked in a steamer for 3 hours at 100° to prevent complications 
due to “refection” [Fridericia e¢ al. 1927; Roscoe, 1927]. 

Previous experience suggested that large daily amounts of cereal foods are 
required to supply vitamin B,. These foodstuffs, therefore, were not fed sepa- 
rately from the basal diet, but this diet was modified so as to include the substance 
under examination, the ratio (20 : 60 : 15) between protein, carbohydrate, and 
fat being approximately maintained. The analyses of the cereals in a standard 
work [Tibbles, 1912] were used for the calculation. For example, the diet 
including 65 % of milled rice was constructed as follows, the composition of 
rice being taken as protein 7 %, carbohydrate 93 %, fat negligible. 


Caseinogen se se 13-5 parts 
Rice starch a i 0 ss 
Arachis oil ss a 15 i 
Salt mixture oe KS 5 - 
Milled rice sn sais 65* , 
Water... pee .. 100 © 


* 5 parts protein, 60 parts carbohydrate. 


The composition of other cereal diets was calculated in the same manner. 
In no case did cereal protein replace more than one-half of the caseinogen in 
the original basal diet; in most diets it replaced about one-third. The diets 
were cooked for 3 hours at 100°. 
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Young rats, just weaned, from 35 to 45 g. in weight, were fed for a week 
on the basal diet P,L, with a daily ration of 0-05-0-01 g. cod-liver oil to provide 
vitamins A and D, Peters’s antineuritic concentrate being omitted. During 
this period no growth took place. At the end of the week the rats were put 
in separate cages and the material under examination fed to them, 0-1 cc. 
(= 0-6 g. dry yeast) daily of Peters’s antineuritic concentrate being adminis- 
tered to each separately to supply vitamin B,. The best grown rat from each 
litter was kept on the basal diet P,L with additions only of cod-liver oil and 
the antineuritic concentrate to act as a “negative control.” 

The test diets were fed to the rats for 5 weeks. The first week, during which 
the animals were under strange conditions and consuming a strange diet, was 
disregarded and the vitamin B, value of a substance was estimated by its 
power to produce growth during the subsequent 4 weeks. As a rule the 
materials were tested on rats from three different litters, and in no case were 
conclusions drawn from results obtained on rats of one litter only. Males and 
females were used in approximately equal numbers. 


THE VITAMIN B, CONTENT OF WHOLE MILLET (SorRGHUM VULGARE), WHOLE 
RICE, MILLED “RAW,” MILLED “PARBOILED” RICE, WHOLE MAIZE 
AND MAIZE ENDOSPERM. 


A sample of millet was procured from the Sudan, where millet is the staple 
cereal. Two samples of whole rice, Japanese (A) and Burmese (B), were 
examined. The specimen of “raw” milled rice was of the same origin as B; it was 
not highly milled or polished and represents a “poorer” commercial grade of 
rice than any soid in the European markets, and one typical of that eaten by 
the townsfolk of the tropics. The “parboiled” rice was obtained from British 
Guiana. The “parboiling” process consists in soaking rice in water for 24-36 
hours, steaming for about 10 minutes, with subsequent drying in the sun for 
about 12 hours, an operation designed to make easier the removal of the husk. 
“Parboiling” is usually employed in countries and districts where modern 
milling machinery, capable of dealing with raw or untreated rice, is not avail- 
able. The process renders the grain less friable and makes it keep better 
[Douglas, 1930]. The sample tested had lost in milling the germ and most of 
the pericarp. “Parboiled” rice, subjected to various degrees of milling, forms 
the staple food among many communities [Fraser and Stanton, 1911; Douglas, 
1930]. 

In addition, samples of maize endosperm were fed to rats as 65 % of the 
basal diet, in the hope that “pellagra-like” symptoms might develop. One of 
these, “white granulated hominy,” obtained from the Quaker Oats Co., Ohio, 
is of a type widely sold in the pellagra districts of the Southern United States. 

For purposes of comparison, some results previously published are in- 
cluded in Table I. 

Whole millet is a poor source of vitamin B,: 50 %, in the diet produces only 
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an average weekly increment of 8 g., the normal increase in body-weight being 
at least 11 g. weekly, a figure sometimes greatly exceeded. Similarly, all the 
rice samples examined, milled or unmilled, are very poor in the vitamin. The 
low vitamin B, content of millet and rice may be estimated by a comparison 
with yeast. 0-2 g. daily of dried yeast (about 2-5 % of the food consumed) is 
sufficient, as a supply of vitamin B,, for normal growth. 


Table I. Vitamin B, content of various cereals and cereal products, 


Average weekly growth of rats on: I, (a) purified diets deficient in vitamin B,, and (6) with 
optimum amount of vitamin B, supplied by autoclaved yeast; II, synthetic diets in which vitamin 
B, is supplied by cereal products in various percentages. (Vitamin B, is supplied by a daily dose 
of Peters’s antineuritic concentrate.) 

Average weekly 
increase in 
No. of body-weight 
rats for chosen 
Material tested observed 4 weeks (g.) 
I. (a) Negative controls (diet P,L) .. 12 
(6) Positive controls* (diet P, 21) +autoclav ed yeast (0- 4 g. daily) 5 12-5 


Il. Millet: 
Whole ground millet 30 % 
2” 50 % 


a > 


Rice: 
Whole ground rice (Japanese) 30 go 
” ” 50 2% 
(Burmese) 50 @ 
Milled rice (raw) (Burmese) 65% 
“a (parboiled) (British Guiana) 65 % 


Wheat: 
Whole ground wheat, Manitoba 50 %* 
a England 50 %* 


Flour: 65 %* 


Maize: 
Whole ground maize. White African 65 %* 
“sk Yellow S. American 65 %* man 
Endosperm. Maize grits (S. American) 65 %* 
ee Yellow maize flour (U.S.A.) 65 30 
ss “White granulated hominy” (U.S.A.) 65 % 


* [Aykroyd and Roscoe, 1929.] 
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Of the whole cereals tested, wheat has the highest vitamin B, content. 
Maize comes next, then millet, and lastly rice, which is very low in vitamin B,. 
Rats on the 50 % whole rice diet, or the 65 % milled rice diet, grew very little 
more than the negative controls on the unsupplemented basal diet P,L. The 
cereals as a class are poor sources of vitamin B,, and wheat, the most potent 
so far discovered, is low compared with other foodstuffs [Aykroyd and Roscoe, 
1929]. It is important to notice that maize is a rather better source of 
vitamin B, than millet or rice. 

The endosperms of wheat, maize and rice are all about equally low in the 
vitamin; very poor growth was attained on diets containing 65 % of either. 
No “pellagra-like” symptoms were observed on any of the cereal diets. 
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Negaiive controls. 


In the previous experiments 60 % of the animals kept as “negative con- 
trols,” 7.e. on diet PL, with the addition only of cod-liver oil and the anti- 
neuritic concentrate, developed symmetrical dermatitis. In the present experi- 
ments there has been more irregularity in the occurrence of skin symptoms. 
Of 11 negative control rats kept on the basal diet for over 12 weeks, 2 de- 
veloped, in 11 and 16 weeks respectively, symmetrical raw areas on the skin, 
in one case on the face and in the axillae, in the other on the inside of the 
thighs. Three other rats died without marked skin symptoms in 11-14 weeks. 
These animals all showed an unhealthy, mangy appearance, with loss of hair 
round the eyes, followed by swelling and inflammation of the lids. 

The vitamin B,-deficient animals have shown a fairly consistent sympto- 
mology, but the striking symptom previously recorded [Chick and Roscoe, 
1927], florid, edematous dermatitis of the fore-paws appearing in 6 to 8 weeks, 
has not been observed. Three rats survived for 18-24 weeks without developing 
characteristic dermatitis, the remaining 3, also unaffected by dermatitis, were 
observed for a shorter period. Most of these showed, in addition to stunted 
growth and a very poor condition of the fur, a symptom common to the more 
adversely affected negative control animals, which has been called “hae- 
maturia” in previous papers from this laboratory. A reddish-brown stain 
appears round the urethra after the animal has been about 8 weeks on the 
vitamin B,-deficient diet. It has been found that this stain, which rapidly 
disappears when adequate amounts of vitamin B, are fed, does not give the 
benzidine tests for blood, and at present its exact nature is unknown. In 
addition, most of the negative control rats have shown blood-stained wrists, 
pointing to discharge from the nose and eyes. 

The basal diet has not been substantially altered, purification of the 
caseinogen having been carried out in as thorough a manner as formerly, and 
the negative control animals show a failure to grow, similar to that observed in 
earlier experiments. If the relative absence of severe dermatitis is due to the 
basal diet containing more vitamin B,, this excess does not produce any 
significant increase in body-weight. It is possible that an alteration in the 
“vitamin B” content of the breeding diet, a change from marmite to dried 
brewer’s yeast, has been responsible. Whatever the explanation, it is discon- 
certing to find that typical rat “pellagra” is not consistently developed on a 
highly purified food mixture, apparently complete except for vitamin B,, 
which formerly induced severe skin symptoms regularly in 6 to 10 weeks. 

Since so few rats developed characteristic symptoms, only a small number 
of curative tests for rat dermatitis were carried out (Table II). 

Neither maize endosperm nor whole rice had any curative effect on the 
symptoms produced by vitamin B, deficiency. Dermatitis in both rats actually 
became prominent while maize was being fed, or just after, but the animals 
were on the verge of dermatitis before the curative test was started. 





1484 


W. R. AYKROYD 


Table II. The curative effect of certain substances on the dermatitis and 
other symptoms developing in rats on a vitamin B,-deficient diet (P,L). 


Condition before test 
Wretched condition. In- 
flamed eyelids. Urine 
red-stained. General loss 
of hair. Weight stationary 


Rat 
895 2 


Wretched condition. In- 
flamed eyelids. Red- 
stained urine. Loss of 
hair. Diarrhoea. Weight 
stationary 


917 3 


Length 
of time 
fed 
(weeks) 


Substance tested 
White hominy grits(maize 2 
endosperm) 65 % in diet 


Whole rice (Burmese) 50 % 
in diet 


P,L+1 ce. yeast fraction 
(autoclaved)=5 g. dry 
yeast 


White hominy grits (maize 
endosperm) 65 % in diet 


Whole rice (Burmese) 50% 
in diet 


Result 
Condition made rather 
worse. No increase of 
weight 


Condition definitely 
worse. Dermatitis of 
face and axillae de- 
veloped 

All lesions healed. 23 g. 
increase in weight 


Condition worse. Der- 
matitis developed on 
face and inner surface 
of thighs 


Animal became rapidly 
worse and died 


DISCUSSION OF THE RELATION OF VITAMIN B, TO HUMAN PELLAGRA. 


The close association between pellagra and the consumption of maize has 
been so widely recognised for over a century as scarcely to need re-stating. 


It is a fact which any dietetic theory of the origin of pellagra must take into 
account. 

Maize-eaters do not appear to suffer from beriberi, a disease which evidence 
shows is due to deficiency of vitamin B,. Beriberi has not been reported among 
the maize-eating populations of Italy, Egypt and certain States in the 
American Union. This is probably due to the fact that maize is often consumed 
“whole” or undermilled, i.e. is not deprived of its vitamin B, content by 
complete removal of the embryo and integuments. It might be argued that 
the immunity of the maize-eater to beriberi is due to the state in which maize 
is eaten or to other dietary factors and enables him to subsist long enough on 
the defective cereal to develop pellagra, supposing the latter disease to be due 
to deficiency of vitamin B, and to need a long depletion period. Whole maize is 
by no means devoid of vitamin B, but is a poor source compared with many 
other foodstuffs [Aykroyd and Roscoe, 1929]. An adequacy of vitamin B,, 
coupled with a lack of vitamin B,, is a necessary factor for the development in 
the rat of the symptoms of vitamin B, deficiency. On these lines might be 
explained the fact that the consumer of milled rice, who is liable to beriberi, 
rarely succumbs to pellagra, though milled rice has been found to contain no 
more vitamin B, than the maize products examined. 

The writer [1930] has recorded that Newfoundland fishermen, who some- 
times subsist for many months on a diet mainly composed of refined wheat 
flour, a foodstuff low in both B vitamins, develop beriberi but not pellagra. 
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Their immunity to the latter disease might similarly be due to their earlier 
liability to beriberi. 

This reasoning would, however, fail to explain why rice so prepared that 
it is protective against beriberi, 7.e. undermilled, or “parboiled’’! [Fraser and 
Stanton, 1911], is rarely associated with pellagra, since neither “whole” nor 
“parboiled” rice shows any superiority over maize as regards vitamin B, . 
potency. The occurrence of pellagra on rice has been recorded [Stannus, 1912, 
1913; Sheppard, 1912] but these instances stand alone in the literature. The 
enormous rice-eating communities of India and the East, many of whom eat 
rice in the parboiled state [McCarrison, 1924], do not appear to suffer from 
pellagra. If pellagra is due to vitamin B, deficiency the consumer of “par- 
boiled” or undermilled rice should be as liable as the maize-eater. 

Again, there is no marked difference between the vitamin B, value of whole 
maize and whole millet. The latter cereal contains vitamin B, [Plimmer e¢ al., 
1927] and is not commonly associated with beriberi. For the sample of millet 
tested, I am indebted to Colonel Archibald, Director of the Gordon Research 
Institute, Khartoum, who has also very kindly contributed the following 
information about native dietaries in the Sudan. The Arab tribes in that 
country can obtain, in addition to millet, milk, vegetables, meat and fish, but 
the Negro tribes supplement the millet only with “vegetables in small quan- 
tities and butcher’s meat occasionally.” Their diet consists in the main of 
“kisra,” fermented millet dough, and “merissa,”’ a native liquor made from 
the same cereal. Nevertheless Colonel Archibald states that pellagra in the 
Sudan is unknown. Pellagra on a staple of millet has been recorded [ Wilson, 
1921], but only in an isolated instance. If pellagra were due to vitamin B,- 
deficiency the negro population in the Sudan should be as liable to the disease 
as the consumers of whole maize elsewhere. 

It is difficult to imagine that maize-eaters regularly consume fewer dietary 
accessories than rice or millet eaters. There are numerous poor populations 
who live on a staple diet containing little apart from rice or millet. 

At present the association, if any, of vitamin B, and human pellagra is 
obscure. The general distribution of vitamin B, corresponds well with that of 
Goldberger’s P-P (pellagra-preventive) factor, and the black-tongue-preventive 
factor [Aykroyd and Roscoe, 1929], as far as all three are known, and with 
the foodstuffs known from clinical observation to be preventive and curative 
of human pellagra. Nevertheless, the distribution of vitamin B, as worked 
out on the rat, leaves the association of pellagra with maize unexplained. It is 
conceivable that a positive, toxic, “pellagra-producing” factor, operative only 

1 The parboiling process is supposed to toughen the grain and render the removal of the 
pericarp more difficult in the subsequent milling [Fraser and Stanton, 1911]. Whatever the reason, 
there is good evidence that parboiled rice usually contains enough vitamin B, to protect against 
beriberi. The specimen of milled parboiled rice tested in these experiments for vitamin B, was 
also examined for vitamin B,. As compared with a sample of “raw” rice of the same origin and 


apparently about equally milled, it was found to be an adequate source of the antineuritic vitamin 
(vitamin B,). It is hoped to record these observations later. 
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in the absence of foods containing abundant vitamin B,, exists in maize, 
and occasionally in other cereals, but of this there is so far no satisfactory 
evidence. Much effort with inconclusive results was made in the last century 
to discover a poisonous substance in good and “spoiled” maize. 


THE RESULTS OF EXPERIMENTS TO DISCOVER A PHOTO-SENSITISING 
SUBSTANCE IN MAIZE. 


It is well known that the skin lesions of pellagra usually appear in parts of 
the body exposed to the sun’s rays. Horbaczewski [1910, 1912] reported ex- 
periments demonstrating the presence in maize of a photo-sensitising sub- 
stance. White mice fed on maize polenta and milk developed dermatitis, when 
exposed to sunlight, in periods ranging from 2 weeks to 6 months. Dermatitis 
was recorded in a number of rats subsisting on a diet of wheat flour and milk 
to which an alcoholic extract of maize was added. Subcutaneous injection of 
maize extracts into mice resulted in death in 2 to 3 hours in animals exposed 
to light, while in the dark they survived for 20 to 30 hours. 

It is difficult to assess the value of Horbaczewski’s observations. His papers 
contain contradictions and some experiments appear to be insufficiently con- 
trolled. Attempts to perform experiments on rats on lines similar to those of 
Horbaczewski have up to the present produced only negative results. Two 
albino and two black and white rats fed with Horbaczewski’s milk and polenta 
diet, and exposed daily for 3 minutes to a mercury vapour lamp at a distance 
of 625 cm., throve for 10 weeks, growing at a rate little short of normal. 

The possibility was investigated that the action of the hypothetical toxic 
or photo-sensitising substance in maize might be more apparent in animals 
deprived of vitamin B,. Accordingly samples of (1) whole maize, (2) maize 
flour and (3) maize grits (endosperm), finely ground, were shaken with two 
changes of 50 % (by weight) alcohol for 5 hours at 37°, in an attempt to extract 
vitamin B,. Narayanan and Drummond [1930] have recently shown that 
vitamin B, is soluble in 50 % alcohol. The extracted maize samples were in- 
corporated as 65 % of a diet (P,L) similar to that used for vitamin B, estima- 
tions, vitamins B,, A and D being supplied as recorded previously. Four young 
piebald rats were placed on each of the 3 diets thus constituted, 2 being sub- 
jected to the mercury vapour lamp for 3 minutes daily. The extracted maize 
diets were low in vitamin B, and poor growth resulted, but no other recog- 
nisable ill effects were observed in 8 to 10 weeks. 

In another experiment a 96 % alcoholic extract of whole yellow maize 
(the daily dose being equivalent to about 40 g. of the original maize) was fed 
to 4 black and white rats on a diet deficient in vitamin B,. The animals showed 
some of the symptoms of vitamin B, deficiency but no obvious toxic effect 
due to the maize extract could be observed in 10 weeks in spite of daily exposure 
to ultra-violet light. 

Horbaczewski’s most striking results were obtained on white mice. It is 
felt that further work on mice is necessary to confirm his work or otherwise. 
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THE IDENTITY OF RAT “‘PELLAGRA” AND HUMAN PELLAGRA. 


The distribution of vitamin B, in cereals gives no support to the theory 
that the dermatitis produced in rats by vitamin B,-deficiency, originally 
described by Goldberger and Lillie [1926], is the analogue of human pellagra. 
The irregularity in the appearance of the “pellagra-like” symptoms and the 
impossibility of inducing them with diets containing maize raise a further 
barrier to the identification of the experimental condition with the human 
disease. It might be suggested that, apart from failure in growth, the rat is 
relatively insensitive to the effects of vitamin B,-deficiency, but this would not 
hinder differences in vitamin B, value between maize and other foodstuffs 
being demonstrated by growth tests. It is at this point that the identification 
of vitamin B, and the P-P factor fails. 

Whether, apart from its questionable association with pellagra, vitamin B, 
has an important réle to play in human nutrition is at present uncertain. 
Populations who eat a diet largely cereal and particularly those subsisting on 
rice might be expected to suffer from deficiency of the vitamin, which is found 
in more abundance in expensive foods such as milk, meat and eggs. 


SUMMARY. 


1. Using Chick and Roscoe’s method, the examination of foodstuffs for 
vitamin B, previously recorded has been further extended. 

2. Two samples of whole rice and two samples of milled rice “raw” and 
“parboiled,” were found to be poor sources of vitamin B,. 

3. Whole millet is a poor source of vitamin B,. 

4. Control rats from each litter were fed on the basal diet complete except 
for vitamin B,. All remained practically stationary in weight, but skin 
symptoms did not consistently develop. Curative tests were performed on 
2 rats suffering from dermatitis. Diets containing 65 % of maize endosperm 
and 50 % of whole rice respectively did not alleviate the symptoms. 

5. Itis pointed out that, since neither rice nor millet shows any superiority 
over maize as a source of vitamin B,, it is difficult to accept vitamin B,- 
deficiency as the sole cause of human pellagra, as this disease is almost in- 
variably associated with the consumption of maize. 

6. No satisfactory evidence has so far been obtained of the presence of a 
toxin in maize. 


I am indebted to Messrs Carbutt and Co. for supplying samples of Burmese 
rice; and to Mr C. E. Douglas for his assistance in obtaining from the Depart- 
ment of Agriculture, British Guiana, a number of rice samples. The specimen 
of Japanese whole rice was obtained from the Orzone Co., Ltd. Free samples 
of maize from the Quaker Oats Co., and Messrs R. W. Paul, Ltd., are also 


acknowledged. 
I am grateful to Colonel Archibald, of the Gordon Institute, Khartoum, 
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for samples of millet and some very interesting information about native 


dietaries. 
Thanks are due to Miss Gaffikin for help in feeding the animals, and to 


Dr Chick and Sir Charles Martin for much useful advice. 
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CLXIII. THE ALLEGED PRESENCE OF BILE 
SALTS IN NORMAL BLOOD. 


By ERNEST WALKER. 
From the Department of Biochemistry, Oxford. 


(Received August 29th, 1930.) 


THE supposition that there might be small amounts of bile salts in normal 
blood arose from certain considerations which are not pertinent to the present 
communication. The known association between bile salts and lipoids makes 
the supposition plausible, particularly when considering how the latter are 
transported in the blood. Furthermore it is at least conceivable that the liver 
fails to pick out quantitatively the bile salts in the portal circulation; or that 
bile salts might find their way into the systemic circulation via the lymphatic 
system. The relatively large amounts of cholesterol and of cholesteryl esters 
in blood would be expected to counteract any haemolytic effect of bile salts. 
The present communication deals with the search for bile salts in normal blood. 
Several workers have assumed that a positive Pettenkofer reaction given 
by extracts of normal blood is an indication of the presence of bile salts. Thus 
Aldrich and Bledsoe [1928] state that bile salts are present in human blood 
to the extent of 3 to 6 mg. per 100 cc. Charlet [1929] gives 3-5 to 3-8 mg. per 
100 ec. in normal rat blood. On the other hand, but still using colorimetric 
tests based upon the Pettenkofer reaction, Perlzweig and Barron [1926] and 
Gregory and Pascoe [1929] deny the presence of bile salts in normal blood. It 
seems, therefore, that the only satisfactory method of establishing the presence 
of bile salts in normal blood lies in their isolation from extracts of blood. 
Some time ago I set out to do this but have been unsuccessful. This work 
therefore need only be referred to briefly. The blood used was mainly that of 
the ox, straight from the slaughtered animal. In most cases it was oxalated ; 
but defibrinated blood was also tried. Whole blood was used, the separation 
into plasma and corpuscles affording no particular advantage, and was treated 
with five times its volume of 97 % alcohol; other protein precipitants were 
tried but discarded. The Pettenkofer reaction was applied as follows: 5 cc. of 
the alcoholic extract were evaporated down on a water-bath to 1 cc.; 2-3 drops 
of 10 % sucrose solution were added and then 1-2 cc. of strong sulphuric acid 
were poured carefully down the side of the test-tube. A purple ring formed 
at the junction of the two layers, sometimes only on standing, and of varying 
intensity; but all blood extracts tested gave a positive reaction. It was this 
colour reaction which was followed in the attempts to concentrate the so-called 


bile salts, and not the more elaborate technique used by Aldrich and Bledsoe 
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[1928] for the quantitative estimation of bile salts. The volume of alcohol 
used for the initial precipitation was varied from 3 to 10 without any par- 
ticular advantage accruing. The subsequent processes of concentration were 
varied, but in general the aim was to clear the extract, then to concentrate it 
in vacuo and to take up the residue in absolute alcohol. Treatment of such 
an alcoholic extract with ether resulted in a precipitate which should have 
contained any bile salts present. In practice it resulted in the (apparent) com- 
plete disappearance of the substance responsible for the colour reaction. 
Neither the precipitate nor the alcohol-ether mixture gave any Pettenkofer 
reaction. The ether-alcohol mixture was evaporated to dryness, at room tem- 
perature, and the residue was extracted with water, dilute alkali and dilute 
acid respectively; none of these filtered extracts gave a positive reaction. The 
most puzzling feature of the whole search was that the Pettenkofer reaction 
appeared to follow the lipoid fraction, whereas it would have been expected 
to follow the aqueous fraction if it were due to bile salts. This anomaly did 
not entirely dispose of the possibility of the reaction being due to bile salts 
as it was always conceivable that the bile salts were present in some sort of 
association with cholesterol [cf. Reinboldt, 1929; Verzar and Kuthy, 1929], 
which might well modify their physical properties. When however it was found 
that treatment of the initial alcoholic extract with neutral or basic lead acetate 
failed to remove the substance responsible for the Pettenkofer reaction it was 
felt that the bile salt hypothesis was no longer tenable. It was at this stage 
that an earlier observation was recalled which seemed to afford an explanation 
of the positive Pettenkofer reaction. I had noticed that alcoholic extracts of 
blood which had been allowed to stand for 24 hours or longer almost invariably 
deposited fine needle-shaped crystals. These were removed and identified as 
cholesteryl oleate. Now it has been known for many years that oleic acid will 
give a positive Pettenkofer reaction. Thudichum [1884] mentions it and 
Mylius [1887] includes it in a list! of substances giving a positive Pettenkofer 
reaction. Any blood extract therefore might be expected to give a Pettenkofer 
reaction in virtue of its oleic acid content (present as cholesteryl oleate) and 
there is no doubt in my mind that this substance was responsible for the 
colour reaction which I obtained during the fractionation of blood extracts. 
The question arises, can this be the substance responsible for the positive 
Pettenkofer reaction obtained by Aldrich and Bledsoe [1928] and others? The 
answer to this question I believe to be in the affirmative. Briefly, the Aldrich- 
Bledsoe treatment consists in decolorising the alcoholic extract of blood with 
the minimal amount of charcoal; adding baryta to the filtrate and evaporating 
carefully to dryness. The dried residue is then extracted three times with 
boiling dry ether and the test is performed on the residue. The ether extraction 


1 Gregory and Pascoe [1929] state that Mylius gives a list of 150 substances exhibiting a 
positive Pettenkofer reaction. Some error seems to have crept into their citation In the paper 
referred to by them Mylius gives a list of 15 substances, only eight of which give a positive 
Pettenkofer reaction. 
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would remove cholesterol and its esters. If however some of the cholesteryl 
oleate were hydrolysed, during evaporation to dryness in the presence of 
baryta, barium oleate would be formed and this would not be removed by 
ether extraction. Barium oleate is insoluble in dry ether; it also gives a positive 
Pettenkofer reaction. 

I have carried out several experiments which indicate that what is sug- 
gested above actually happens. These experiments show, firstly, that chole- 
steryl oleate is hydrolysed, partially at least, by evaporating to dryness its 
solution in alcohol to which baryta has been added; secondly, that it is possible 
to isolate barium oleate from blood extracts which have been submitted to 
the Aldrich-Bledsoe treatment for the colorimetric estimation of their bile salt 
content. 


EXPERIMENTAL. 


1. Hydrolysis of cholesteryl oleate. Cholesteryl oleate was prepared ac- 
cording to the method of Hiirthle [1895]. A warm saturated solution of the 
oleate in 99 % alcohol was prepared and filtered. 100 cc. of this were taken 
and used for the estimation of the cholesteryl oleate content. This was found 
to be 0-1056 g. A second batch of 100 cc. was treated with 2 cc. of saturated 
aqueous baryta solution and the mixture evaporated carefully to dryness: first 
on the water-bath and then in a vacuum desiccator. The dried residue was 
extracted three times with hot 95 % alcohol to remove cholesterol (if formed) 
and unchanged cholesteryl oleate. The cholesterol content of these united 
alcoholic extracts, after filtering, was determined by the digitonin method. 
The mean of two estimations gave a value of 12-36 mg.; this corresponds to 
hydrolysis of the ester tu the extent of 19-72 %. This is not very great; but it 
should be pointed out that the proportion of baryta to cholesteryl oleate was 
much lower than obtains in the Aldrich-Bledsoe treatment. 

2. Isolation of barium oleate. In this experiment blood was submitted, as 
far as possible, to the process described by Aldrich and Bledsoe [1928] for the 
quantitative estimation of bile salts in blood. One litre of ox-blood was poured 
into 7 litres of 97 % alcohol with stirring. After standing overnight it was 
filtered at the pump and the filtrate (amounting to 5-5 litres) was treated with 
13 g. of norite charcoal. After shaking the mixture was filtered and to the 
filtrate were added 333 cc. of saturated baryta solution. The mixture was then 
concentrated by distillation in vacuo; the final stages of concentration to 
dryness were effected by warm air, followed by the vacuum desiccator. The 
residue was later extracted three times with boiling dry ether. The dry residue 
resulting from this treatment was then extracted with 100 cc. of moist benzene 
(the only practicable solvent for barium oleate). The extract was filtered and 
the benzene was driven off at low heat; the residue was ground up under 
warm absolute alcohol, to remove traces of water (and cholesterol not removed 
by the ether extraction). The mixture was filtered whilst warm and the filtrate 


was discarded. The residue, supposedly barium oleate, was dried in a vacuum 
94—2 
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desiccator; it was then decomposed with hydrochloric acid under ether and 
the ethereal layer was separated and evaporated to dryness. The oily residue 
was converted into its lead salt and further purification was attempted by 
solution in ether, in which solvent lead oleate is characteristically soluble. 
Most of the product dissolved in ether on warming; the solution was filtered 
and the ethereal filtrate was evaporated to dryness. The residue amounted to 
7-8 mg. The whole of this was used for a determination of the iodine value; 
the value obtained being 74-3. A specimen of synthetic lead oleate, similarly 
treated, gave a value of 76-5. Taking into account, therefore, its solubility in 
ether, there seems every reason to believe that the product obtained was lead 
oleate, which means that the substance separated by extraction with moist 
benzene was barium oleate. The yield was small; but the aim of the experi- 
ment was simply to demonstrate that barium oleate was formed during the 
Aldrich-Bledsoe treatment of blood. 

Some reference must be made to the occurrence of cholesteryl oleate in 
blood. Hiirthle [1895] demonstrated its presence in the blood of the dog, horse 
and rabbit; but he makes no mention of human blood. Nor have I found 
elsewhere any reference to the identification of cholesteryl oleate in human 
blood. To settle the question I took 10 cc. of venous blood from a normal 
subject and precipitated it by treatment with 8 volumes of 97 % alcohol. The 
filtrate from this mixture deposited fine crystals of cholesteryl oleate within 
48 hours (34 mg. per 100 cc. blood). These were identified by their solubilities, 
crystalline form, colour reaction and melting point. 


SUMMARY. 


1. No evidence could be obtained of the presence of bile salts in normal 
blood (ox and sheep). 

2. The positive Pettenkofer reaction obtained with alcoholic extracts of 
blood is attributed to cholesteryl oleate. 

3. Suggestions are made which would account for the positive reaction 
obtained after the residues from alcoholic blood extracts have been extracted 
with ether. 

4. Cholesteryl oleate is readily demonstrable in extracts of human blood. 


It is a pleasure to record my indebtedness to Prof. Peters for his helpful 
criticism. 
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CLXIV. THE CHEMISTRY OF THE PRODUCTS 
OF COCOS NUCIFERA. PART I. 


By JUAN PEDIGE CHARLES CHANDRASENA. 
From the Chemistry Department, Ceylon University College. 


(Received September 2nd, 1930.) 


In this series it is proposed to study the chemistry of the various products of 
the coconut palm, especially those of economic value. In the present com- 
munication the kernel and the oil at various stages of development of the nut 
have been examined, as also the constituents of the haustorium. 

The development of the fruit has been studied in some detail by botanists 
and an account of it is given by Sampson [1923]. On the chemical side Sampson 
(pp. 72-73) reports results regarding the quantity of kernel, oil, etc., found in 
the fruit at various stages but no investigation has hitherto been carried out 
on the nature of the oil obtained. 

As regards the development of the fruit, it has been found that it sets 
properly about 50 days after the flower has faded. It attains its full size in 
about 168 days when the “meat” just commences to form. When about 
224 days old, the shell commences to harden and the “meat” forms all round 
the inside of the shell. This stage corresponds to bunches 4 and 5 in Table I. 
At the end of about 308 days the meat is fully formed although the shell has 
not completely hardened. This stage corresponds to bunch 3, Table I. The oil 
from one of these bunches (“Panadura”) was found to have a very rancid 
smell, even when freshly prepared. At the end of a year from the complete 
setting of the fruit, the nut is ripe and the shell is fully hardened. The two 
bunches 1 and 2 correspond to this stage, the former being quite dry and 
ready to drop; the latter though not so dry is also ready for harvest. 

Four or five bunches from each of four trees were examined, one from 
Colombo (Kitulwatta), the second from a suburb of Colombo (Dehiwala), the 
third and fourth from Moratuwa and Panadura, two coast towns 13 and 16 
miles respectively south of Colombo. The Colombo tree belongs to a some- 
what uncommon variety: each bunch contains 40 to 50 nuts which are about 
half the size of the common variety. 

For extraction of the oil the nut was split transversely, scraped by means 
of a domestic coconut scraper, dried to constant weight at 50-60° in an electric 
oven and the dried material was extracted in a Soxhlet extractor with light 
petroleum (b.p. 40-60°). Anhydrous sodium sulphate was placed in the flask 
during the extraction to ensure complete drying. The extract was filtered and 
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after distillation of the solvent on the water-bath the last traces were removed 
by passing dry air through the oil for about 12 hours first on the water-bath 
and finally at room temperature. 

A large number of the remaining Kitulwatta nuts of bunches 1 and 2 were 
left in the soil to germinate. The stages of development of the embryo are well 
known. “The germ commences to grow in two directions—the plumule or shoot 
grows towards the ‘soft eye’ of the shell and the other end of the germ de- 
velops an absorbent growth or haustorium, ‘coconut apple,’ towards the 
central cavity of the seed” [Sampson, 1923]. The haustorium is yellowish on 
the surface but white inside with fibres running longitudinally. It was cut into 
small pieces which were treated in two ways, (1) dried at 50-60°, the oil being 
extracted with light petroleum (b.p. 40-60°) and the carbohydrates with 
alcohol, (2) pressed, the juice being extracted with light petroleum and the 
residual solution evaporated. The isolation of the sugars has not yet been 
carried out. 

Table I. 
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The haustorium contained 84-9 % of moisture and the dried material 
yielded 18-9 % of an oil which had sp. gr. 0-9177 at 29°, saponification value 
238-7, iodine value 16-1, acid value 1-46. The press juice of the fresh haustorium 
was an opaque liquid of sp. gr. 1-040 from which was extracted 0-62 % of an 
oil with sp. gr. 0-9171, saponification value 248-0, iodine value 10-1, and acid 
value 1-47. 

The dry residual material after extraction of the oil contained pentosans 
9-49 %, lignin 27-0 %, and ash 4-05 %. 
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Discussion. 


As was expected, the percentage of the water in the kernel diminishes with 
age. The oil content at the latest stage is either less than or equal to that at 
the preceding stage. The quantity of “residue,” mainly cellulose, appears to 
vary only slightly during all the stages of development; in two of the sets, 
Panadura and Dehiwala, it is practically constant. The quantity of pentosans 
calculated on the dry material is nearly the same in all cases and is low, whereas 
in the haustorium it is comparatively high. Another point of interest is that 
the residue or “cake” is lignin-free, while the lignin content determined by the 
hydrolysis of the carbohydrates by means of 72 % sulphuric acid is very high. 
It is probable that pentosan formation precedes the conversion of cellulose 
into lignin. 

As regards oil the constants do not seem to vary greatly except for the 
iodine and acid values which are high in the oil from the youngest bunch. 
It is also noteworthy that the oil from the haustorium has an even higher 


iodine value. 


REFERENCE. 
Sampson (1923). The coconut palm. 








CLXV. OXIDATION-REDUCTION STUDIES IN 
RELATION TO BACTERIAL GROWTH. 


III. THE POSITIVE LIMIT OF OXIDATION-REDUCTION 
POTENTIAL REQUIRED FOR THE GERMINATION OF 
B. TETANI SPORES IN VITRO. 


By BERT CYRIL JAMES GABRIEL KNIGHT? 
AnD PAUL FILDES?. 


From the Bacteriological Department, London Hospital. 
(Received September 2nd, 1930.) 


THE determination of the most positive level of oxidation-reduction (O/R) 
potential at which spores of B. tetani can germinate has been previously 
attempted by one of us [Fildes, 1929]. Clark’s O/R dyes were used to 
measure the potential of the culture media to which the spores were added. 
With the technique then available there was great difficulty, firstly in deter- 
mining the degree of reduction of the dyes, and secondly in maintaining a 
constant potential level while the spores were “trying to germinate.” Poising 
the O/R potential by hydrogen-air mixtures was not completely successful 
owing to the lack of a method for controlling the composition of the gas 
mixture and for relating this to the potential of the medium. Thus it was 
possible for the medium to attain an unnecessarily negative potential before 
the spores had had time to overcome any lag due to causes other than 0/R 
potential. The most positive limit for germination found might therefore be 
too negative: 

In two previous papers [Knight, 1930, 1, 2] a convenient electrometric 
technique for observing and poising the O/R potential of culture media was 
described. The present communication records the results of the application 
of this method to the determination of the positive O/R potential limit for the 
germination of spores of B. tetani. 


EXPERIMENTAL. 


The method used was to poise the O/R potential of a sample of sterile 
culture medium at a constant level by passage of a stream of very dilute 
oxygen in nitrogen, controlled by simultaneous electrometric observation of 
the potential. In some experiments Clark’s O/R dyes were used in the 
media to facilitate the poising [Knight, 1930, 2]. When the potential had been 





1 Working with grants from the Medical Research Council. 
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observed to remain constant, spores were added to the poised medium in the 
electrode vessel. Potential readings were made about every hour. 

Samples of the inoculated medium were taken with a sterile capillary 
pipette. If a little air was expelled from the pipette before introduction into 
the culture medium the potential was not altered. The sample was centrifuged 
in a very small tube, and a film was prepared from the (invisible) sediment. 
The film was stained in the usual way for spores with carbolfuchsin and 
methylene blue. By taking samples at intervals the onset of germination 
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Fig. 1. Determination of time of germination of B. tetani spores in buffer-broth 
at constant E), level. 


could be detected. The preparation of the spore suspension used for inocula- 
tion and the recognition of germination have been described by Fildes [1929]. 
The medium used throughout the experiments was peptone-beef infusion 
buffered with KH,PO, or KH,PO,-asparagine (M/20). The reaction was ad- 
justed approximately to the required py from a hydrogen electrode titration 
curve. After autoclaving, the exact p, of every sample was determined by 
the hydrogen electrode. The strain of B. tetani used was “TM. 8,” the 
optimum py for this strain, tested at low Ey levels, being 7-1-7-9, the acid 
limit for germination p,, 6-0, the alkaline limit py 8-5. 
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RESULTS. 


E,-time curves. Typical E,-time curves showing the determination of time 
of germination at various levels of O/R potential are given in Fig. 1. The 
results of these and other similar experiments are collected in Table I. In the 
figures “blue spores” signifies the observation of the first phase of germina- 
tion, and “germination” signifies the observation of a bacillus completely 
emerged from the ruptured spore case (“hatched”). In some experiments 
O/R dyes were present in the culture media. In otherwise similar experi- 


No. 21(49 A) 
Pu 7-23 


4 8 12 16 20 24 28 32 36 40 
Hours 
Fig. 2. Complete germination and growth curve of B. tetani. 


A. By-pass manipulation to poise E;, at + 0-00 volt. D. ? Germination 4 hours. 
B. Addition of B. tetani spores. E. Germination observed 5 hours. 


C. No germination 3 hours. F. Visible growth. 


ments, no significant differences in the times of germination with and with- 
out dyes were observed. 

The curves show that the normal fluctuation during an experiment was 
about 0-005 v. The reaction of the medium was usually adjusted between 
Py 7-15 and 7-65 (within the optimum range for the micro-organism), so that 
the effect of O/R potential level alone could be observed. 

On addition of the inoculum there was little or no change of potential. 
When poised at fairly negative levels there was a slight temporary positive 
shift (0-01-0-015 v.) due to the small amount of oxygen dissolved in the spore 
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suspension. This could be completely avoided by de-aerating the suspension 
before inoculating. The spores as such (in the concentrations used in these 
experiments) did not affect the potential. This was constant until after ger- 
mination, when the bacilli were actively proliferating (Fig. 1, Nos. 25 (61 ©), 
24 (66 c), and Fig. 2). 

The complete curve for one experiment (Fig. 2) shows the poising of the 
O/R potential and the relative effects on the potential of inoculation, germina- 
tion, and proliferation. Generally the experiment was stopped after germina- 
tion had been observed and segmentation had begun. We were only concerned 
here with the conditions at the initiation of growth. 


E), (volts) 





0 4 8 12 16 20 24 28 32 36 40 44 48 52 
Hours 


Fig. 3. Variation of time of germination of B. tetani spores with E,, level. 
Py 7:15-7-65. 


= No germination observed. e Germination first observed. 


Relation between O/R potential and time of germination. The data of 
Table Ic are plotted in Fig. 3, which shows the relation between time of 
germination and O/R potential level. The shaded area shows the field where 
the spores had not germinated. When Ep was negative to — 0-05 v., the shortest 
time after the addition of spores in which germination was observed was 
4 hours. At progressively more positive levels the time lag increased until at 
En + 0-10 v. it was 8-10 hours. At the same time each phase of germination 
became lengthened. Blue-staining spores were then first observed considerably 
after the normal time of “hatching” at lower levels (Fig. 1, No. 34 (62 4)). 
When finally “hatched” the bacilli were often malformed and did not stain 
well, and segmentation was much delayed. In no case did germination and 
continued growth take place when the potential was more positive than 
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En + 011 v. within the range py 7-0-7-65. Two experiments (Table I a, 
Nos. 10 and 11) indicated that a slightly more positive Ey (+ 0-12-0-13) could 
be tolerated if the reaction was slightly more acid, viz. py 6-75. 


Viability. 

In a number of experiments (Table Ic, Nos. 36 to 42) the potential was 
maintained positive to Ey + 0-11 v. for 24 hours or more without germination. 
The spores were still viable however and germinated rapidly on lowering the 
potential. Thus in Exp. 48 (Table Ic, No. 37) there was no germination in 
24 hours at Ep 0-12 v. (pq 7-31). On addition of Na,8,0, which produced a 
potential of the order of Ey — 0-53 v. germination was observed in 1 hour 
instead of the usual minimum of 4 hours. Evidently part of the lag, in experi- 
ments timed from the addition of the spores to the medium, is due to accli- 
matisation of the spore to nutritional and other factors of the environment, 
apart from O/R potential. In one experiment with boiled toluylene blue 
present (the dye was decomposed by the boiling) spores were found to be 
non-viable, after they had been maintained at Ey + 0-14 v. (pq 7-2) for 
60 hours. No other case of toxicity of a dye was noticed. 


Effect of py on lag. 

If the py of the medium was outside the optimal range, the time of 
germination was increased as expected. The effect of unfavourable p, is then 
combined with the effect of O/R potential. Thus at Ey + 0-03 v. the ger- 
mination time was 5 hours at pq 7-43, but more than 10 hours at py 6-4 
(Table I, Nos. 25 and 3). 

Discussion. 


The general conclusion from these experiments is that spores of B. tetani 
will not germinate at all, in an otherwise favourable medium, when the O/R 
potential is more positive than Ey + 0-11 v. (pg 7-0-7-65). This confirms in 
general the results obtained by Fildes [1929], namely, that there is a positive 
limit of O/R potential beyond which germination will not take place. The 
value of the limiting potential found in the present work is 0-10 v. more 
positive than that found by Fildes. This was anticipated, as Fildes failed to 
poise his medium at the high levels (positive to Ep + 0-05 v.) long enough to 
observe germination at those levels. 

Fildes’s level (about Ey + 0-00 v. at py 7-2) may be taken to be the positive 
limit at which germination will take place readily. In the zone between this 
level and that found in the present work germination is inhibited to a greater 
or less degree by inappropriate conditions of O/R potential. Thus in a narrow 
zone just negative to the completely inhibitory level (Ey + 0-11 v.) a few 
bacilli may emerge without the usual intense blue-staining reaction and there- 
after entirely fail to segment and grow. It would appear that conditions may 
be just adequate for the phase of germination which takes place within the 
spore case, but inadequate for continued life outside the spore. Conceivably 
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the potential measured in the external medium is more positive than that 
within the spore case. 

The present experiments were not designed to decide whether there is any 
specific “‘toxic” effect of oxygen distinct from its action in maintaining a 
positive potential. Whatever the mechanism of anaerobic growth may be, it is 
evident that there is a definite correlation between the ability of spores to 
germinate and the O/R potential of the medium as measured by an “inert” 
electrode immersed in it. 


SUMMARY. 


The effect of O/R potential on the germination of spores of B. tetani has 
been studied by an electrometric method. The spores were subjected to 
different potential levels, which were maintained constant during the course 
of the experiment. Germination was completely inhibited at potentials more 
positive than Ey + 0-11 v. (pq 7-0-7-65). 


The expenses of this investigation were defrayed by the Government 
Grants Committee of the Royal Society and by the Yarrow Research Fund of 
the London Hospital. 
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A BACTERIAL GROWTH-PROMOTING 
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From the National Institute for Research in Dairying, 
University of Reading. 


(Received September 3rd, 1930.) 


THE identity of bacterial growth factors with vitamin B has been the subject 
of many papers. Williams [1919] first suggested that vitamin B was identical 
with the substance stimulating the growth of yeasts in a synthetic medium, 
while Kligler [1919] also showed that the properties of the two substances were 
very similar. Uyei [1927] found that vitamin B, isolated from yeasts and 
certain fruits, had a marked stimulating effect on the growth of Mycobacterium 
tuberculosis. Lumiére [1920] showed however that vitamin B and the factor 
for micro-organisms differed in their resistance to heat, while Emmet and 
Stockholm [1920] found that “bios” and the antineuritic vitamin were distinct 
substances. Later Funk and Dubin [1921] separated a “bacterial vitamin” 
from vitamin B by adsorption on fuller’s earth. Willaman and Olsen [1923] 
considered “bios” to be similar in nature to vitamins but showed that “bios” 
differed from vitamin B in certain properties. Wyon [1923] concluded that 
vitamin B did not stimulate the growth of bacteria. It is now generally agreed 
that although substances rich in vitamin B stimulate the growth of yeasts, 
streptococci and certain pathogenic organisms, the factor concerned is not 
vitamin B but some closely associated substance. 

This paper describes an investigation of the vitamin B, content and bac- 
terial growth-promoting properties of three commercial peptones. The test 
organism used was a lacto-bacillus requiring for good growth, not only the 
intermediate products of protein degradation but some factor present in all 
tissues containing vitamin B, [Davis and Mattick, 1929, 1930]. In media con- 
taining “peptone” nitrogen, dextrose and this factor, the organism grows 
luxuriantly and produces a rich red-brown pigment, apparently carotenoid in 
nature. If such a medium be deprived of the factor, poor growth without 
pigment is obtained. The relative growths in agar media containing 2 % dex- 
trose, 1 % peptone, and salts are given in Table I. 


Table I. 
Growth Pigment 
Allen and Hanbury’s peptone dextrose agar ~ - 
Hopkins and Williams’s ++ + 
Parke Davis’s 
Allen and Hanbury’s +trace yeast extract 
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Since the concentrations of available foodstuffs in the media are approxi- 
mately the same, it may be assumed that the large differences in growth 
observed are due to some factor, present in yeast extract in large amounts and 
in the peptones in smaller and variable quantities. 


J 
J 
B 
II 
70 
A10 20 30 40 50 Alo 20 30 40 50 
Days Days 


Allen and Hanbury’s peptone added at B Hopkins and Williams’s peptone added at B 


100 
“0990 
5 d 
eo 
Ill 
B 
+ 
70 A 
J 
60 7 
10 20 30 40 50 
Days 


Parke Davis’s peptone added at B 
Fig. 1. A=Marmite autoclaved at 120° at pH 9 for 3 hours. 
{ =Whole marmite substituted for autoclaved. 

The vitamin B, contents of the peptones were compared by feeding the 
peptones to young rats on a diet deficient in vitamin B,. Nine rats from two 
litters were divided into three groups of three each and fed on the following 
basal diet. 


Casein (B.D.H. light white) _... 20 

Wheat starch ime ae cn sf ad lib. 

McCollum salt mixture ... soe 4 

Distilled water ad hb. 

Cod-liver oil vv is sii 3 drops per rat per day 


50 % marmite 1 cc. per rat per day 
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When a steady growth rate was obtained, 50 °% marmite which had been 
autoclaved at 120° for 3 hours with an excess of baryta was substituted for 
the whole marmite. When the growth curve had become flattened, each rat 
was given 0-5 g. peptone daily in solution so that each group of three rats 
received a different peptone. After 7 days, this amount of peptone having 
had no effect on the growth curve of the animals, the peptones were fed ad lib. 
The rats consumed between 1 and 2g. daily but still fell in weight. When 
typical symptoms of vitamin B, deficiency (paralysis of hind-legs) appeared, 
whole marmite was fed and produced a rapid recovery. The growth rates are 
given in Table IT. 


Table IT. 
No. Daily increase 
Diet rat-days in g. 
Full basal 72 3-0 
i less vitamin B, Ist period 72 3-0 
” ” 2nd 9 Ta 0-7 
2? ” 3rd ” 45 = 0-53 
” 2 +peptone I 4th period 57 —0-83 
” % +peptone II ss 57 +014 
” ” + peptone IIT = 57 —0-30 


These data indicate that the peptones contain only negligible amounts of 
vitamin B,. 

Table III summarises the vitamin B, and bacterial factor content for the 
organism under test. 


Table ITI. 
Peptone Vitamin B, content Bacterial factor 
Allen and Hanbury’s Nil + 
Hopkins and Williams’s Trace ++ 
Parke Davis’s Trace? +++ 


Vitamin B, concentrates prepared in different laboratories and by different 
methods were then tested for their bacterial growth-promoting properties. 
Although of the same order of potency for rat protection on a diet deficient 
in vitamin B,, the concentrates varied widely in their ability to stimulate 
the growth of the test organism, some being quite inactive. 


Table IV. 
Date Vitamin B, concentrate Growth Pigment 
Basal medium he a 
15. xi. 29 pe + Univ. Coll. concentrate ++ —- to + 
15. xi. 29 “a + Lister Inst. ss ++ +++ 
20. i. 30 - +N.1.R.D. m ++ ++to+++ 
. . ++ - +t 
28. i. 30 a +Univ. Coll. _,, s = 
: : {++ +++ 
13. ii. 30 ” + Lister Inst. as Sg + 
% + yeast extract we +t + 


Hence not only are vitamin B,-deficient materials able greatly to stimu- 
late the growth of the micro-organisms under investigation, but vitamin B, 
concentrates of proved potency for rats have, in some cases, no effect on the 
growth of the organism. 


Biochem. 1930 xxIv 95 
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SUMMARY. 





1. Commercial peptones contain only negligible amounts of vitamin B,. 

2. There is no relation between the vitamin B, content of peptones and 
their ability to stimulate the growth of an organism requiring a vitamin B- 
like factor. 

3. Vitamin B, concentrates of the same order of potency for rat protection 
had widely different effects on the growth of the test organism. Since some 
had no effect at all, it may be concluded that vitamin B, itself has no influence 
on the metabolism of the organism. The bacterial growth-stimulating sub- 
stance and vitamin B, are not identical. 
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OF THE GONAD-STIMULATING HORMONE 
FROM THE URINE OF PREGNANCY’. 


By FRANK DICKENS. 
From the Courtauld Institute of Biochemistry, the Middlesex Hospital, London. 


(Received September Ist, 1930.) 


A NUMBER of preparations have recently been described which, given by in- 
jection or in some cases by mouth to immature animals, stimulate the sex 
glands to produce a precocious maturity. The principal sources of this material 
are: (1) the anterior lobe of the pituitary gland [Evans, 1923; Zondek and 
Aschheim, 1927; Smith and Engle, 1927; Putman, Teel and Benedict, 1928; 
(literature) Teel and Cushing, 1930]; (2) the urine of pregnant women [ Zondek 
and Aschheim, 1927, 1928; Zondek, 1929, 1, 1930; Biedl, 1928; Evans and 
Simpson, 1929; Reiss and Haurowitz, 1929], and (3) the placenta [Zondek, 
1929; Philipp, 1929, 1930; Wiesner and Patel, 1929; Wiesner, 1930; Collip, 
1930, 1, 2]. 

All these materials have the common property of showing their action only 
via the ovary or testis, and are therefore without action upon castrates. Whilst 
differences occur in the results of administration of the above substances or of 
extracts therefrom, the general result is in the female to stimulate the ovary 
to the production of oestrin, which causes the uterus to become enlarged and 
hyperaemic and, in rodents, the vaginal smear to become cornified. The folli- 
cular mechanism is greatly stimulated, resulting in follicular ripening, and 
luteinisation of the walls of the Graafian follicles, with the formation of new 
corpora lutea. In certain species, particularly in immature mice, haemorrhagic 
spots may appear in the ovary due to the extravasation of blood into the un- 
ruptured follicles. The corpora lutea appearing after administration of extracts 
of the above substances may be normal corpora lutea resulting from true 
ovulation [Evans and Simpson, 1929], though more usually they are atretic 
bodies consisting of unruptured follicles containing an undischarged ovum. In 
the male the most marked effect is an increase in the size of the seminal vesicles. 

The present investigation was designed to concentrate and purify the active 
principle or principles contained in the urine of pregnant women, and respon- 
sible for the formation of corpora lutea and haemorrhagic follicles upon in- 
jection into the immature animal. In the following account (1) the method of 
testing the potency of extracts, (2) their preparation and (3) the chemical and 


1 Communicated to the meeting of the Biochemical Society held on March 14th, 1930, and 
abstracted in Chem. and Ind. 1930, 49, 238. 
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physical properties of the purified material are described. The relation to other 
work in the field and the probable nature of the active substance are discussed 
after the experimental part. 


EXPERIMENTAL. 


Method of assay. 


All preparations were tested by the same technique throughout. The sample 
was dissolved in water and was diluted to a suitable extent for injection. Six 
doses, each 0*3 cc., were given over a period of 45 hours to each of five 
immature female mice about 3 weeks of age. It is important that at the end 
of the test the age should not exceed 4 weeks. The times of injection were as 
follows: Ist day, noon and 6 p.m.; 2nd day, 9 a.m., 3 p.m. and 9 p.m.; 3rd day, 
9a.m.: a similar quantity and distribution of the dose was used in an investi- 
gation of the Aschheim and Zondek pregnancy diagnosis test [Allan and 
Dickens, 1930]. On the morning of the 5th day the animals were killed 
and their ovaries, uterus and vagina were examined, sections for histological 
examination being cut in some cases. Microscopical examination of the ovaries, 
however, was used to confirm the macroscopic findings and not as a criterion 
of activity. It was considered that if the extract did not produce sufficient 
change for the latter to be visible on naked-eye examination, it was preferable 
to regard the substance injected as being inactive in the dose given. The 
morphological changes produced, considered here from the point of view of 
their possible value as standards of activity, are as follows. 

(1) Precocious opening of the vagina. This occurred in every case when an 
active preparation was given, usually on the evening of the 3rd or on the 
4th day of injection. A similar change is produced by injection of oestrin, and 
control experiments showed that the amount of oestrin necessary is very small, 
and may not be sufficient to induce oestrus in spayed animals. It is, therefore, 
unsafe to attach any importance to these changes unless a very much larger 
amount of the extract has been tested on ovariectomised animals and has 
been found entirely inactive. 

(2) Precocious oestrus. The above objection also applies to the use of this 
standard. In addition there is the possibility of inhibition of oestrus by other 
factors contained in or produced by the extracts (e.g. by formation of lutein 
tissue). In fact many extracts which caused copious luteinisation were found 
to bring about only very slight vaginal cornification. This, taken with the 
possibility of incomplete removal of oestrin, makes the use of oestrus as a 
standard of activity very unreliable. 

(3) Changes in the immature ovary. On the other hand the changes in the 
ovary following the injection of an active extract are very well marked and 
cannot be due to traces of oestrin. The ovaries are much enlarged in size and 
the morphological changes produced are of three kinds. (a) Ripening of im- 
mature follicles, so that the ovary may consist of a mass of enlarged cysts 
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filled with clear liquor folliculi. (b) Luteinisation of follicles resulting in the 
production of many corpora lutea, some of which contain a degenerating ovum 
(corpora lutea atretica). These bodies are readily recognised either by naked- 
eye examination or with the aid of a lens if they are small. Frequently almost 
the whole of the ovary consists of a mass of lutein tissue. (c) In the immature 
mouse after injection of an active extract, the ovaries very frequently contain 
also haemorrhagic follicles; these follicles appear as very easily recognisable 
dark red spots on the ovary [Zondek and Aschheim, 1927, 1928]. The pro- 
duction of corpora lutea and haemorrhagic follicles is so unmistakable that the - 
use of these changes as a criterion of activity has the advantage of being quite 
definite and at the same time the possible presence of oestrin does not pre- 
judice the result of the test in any way. Active extracts to which large amounts 
of oestrin were added before injection showed the same results on injection as 
the unadulterated material. This criterion of activity has therefore been used 
exclusively in the experiments recorded in the present paper. It is frequently 
found that slightly smaller doses of extracts than are necessary to bring about 
luteinisation will lead to follicular ripening, usually accompanied by vaginal 
canalisation, uterine enlargement and an oestrus or pre-oestrus vaginal smear. 
In such cases a larger dose of the preparation is given in order to determine 
whether it is capable of causing luteinisation when given in sufficient amount. 


Interpretation of the animal tests. 


Whilst this method of testing shows quite definitely whether any particular 
preparation is active or not, attempts at quantitative interpretation have been 
found to be difficult. As with other methods depending on the determination 
of the minimum active dose, it is now well recognised that large errors may 
result. In some preliminary experiments therefore an attempt was made to 
use a method such as that introduced by Coward and Burn [1927] for the assay 
of oestrin, which method recognises and makes use of the individual variation 
in the responsiveness of different animals. It appeared that this method might 
be specially suitable for the present case, since it was found to be impossible 
to eliminate very considerable differences in responsiveness of different imma- 


. ture mice, due probably to slight irregularities in age and also to the great 


variations in the age of onset of natural puberty, such as have been recorded 
by many workers [Engle and Rosasco, 1927]. Since the animals cannot be 
used again after a test, the expense in the use of this method made it necessary 
to reduce the number of animals to small groups and to give a series of graded 
doses to these. The results of two such experiments are recorded in Table I. 
Whilst there is some regularity in the results obtained, the figures show 
that it is doubtful if such a method is of much practical value at present. The 
proportion of the total number of mice injected showing a positive response 
falls off only gradually with diminishing value of the dose, particularly with 
specimen P.U. 16, and errors in individual estimates of the number of units 
by this method are therefore correspondingly great. Moreover, apart from the 
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Table I. Effect of varying dose in inducing luteinisation and haemorrhagic 
follicles in small groups of mice. 








Specimen number P.U. 16 Specimen number P.U. 20 
. A 
( 

Total dose No. of Number Total dose No. of Number 

ce. mice positive ce. mice positive 

0-18 5 3 1-8 3 3 

0-09 8 3 0-36 8 8 

0-06 7 2 0-18 8 7 

0-045 7 2 0-045 11 8 

0-036 5 2 0-036 8 2 

0-026 7 2 0-026 8 0 

0-018 8 0 0-018 8 0 


expense, such an experiment is very tedious, and the advantage over the 
approximate idea of activity obtained by determination of minimum dose was 
considered insufficient to justify its use. It is evident that the accurate assay 
of the luteinising principle by methods at present available is much more 
difficult than the assay of the oestrus-producing hormone. Nevertheless, it is 
almost impossible to describe the experimental results without the adoption 
of a unit of some kind, and in the present paper the unit is provisionally taken 
as the minimum total amount of active substance which, injected into a group 
of five immature female mice under the conditions already described, produces 
definite (macroscopic) evidence of luteinisation or of corpora haemorrhagica 
in the ovaries of at least one animal: larger doses must produce a correspond- 
ingly higher response. This definition, though obviously very imperfect, has 
been found to lead to results of sufficient consistency to justify its use. 

As in the case of oestrin [Allan, Dickens and Dodds, 1930] a single dose of 
the hormone is much less effective than the same total quantity spread out 
over a period of 48 hours. Thus a single dose of 0-5 cc. of P.U. 20 given to each 
of a group of 8 mice gave only one positive result, whereas with a total dose 
of only 0-18 cc. spread out over 48 hours, 7 of a total number of 8 mice injected, 
showed a positive response (Table I). Similarly, a total amount of 0-045 cc. 
given as 6 doses over 48 hours showed a positive result in 8 out of 11 mice 
injected: given as three doses spread over the same period the same total 
amount caused a positive response in only one of 8 mice injected. This result 
is doubtless due to the rapid loss through excretion and destruction when given 
in a single large dose. The divided dose method has, therefore, been used in 
all experiments. 

Administration by mouth. Since the hormone withstands to some extent 
the action of digestive enzymes over short periods, it appeared probable that 
it might prove active when given by the mouth. In order to test this point 
mice 3—4 weeks old were given the aqueous solution of the hormone by means 
of a blunt cannula inserted well into the mouth. Doses of 0-3 cc. were used. 
This amount of fluid is swallowed by the animals; larger volumes cannot easily 
be given in this way to immature mice without considerable loss. The results 
of oral administration are summarised in Table II. It will be seen that doses 
20 or more times greater than those required to bring about luteinisation when 
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given by injection are often, though not invariably, effective when given by 
mouth. Even with such very large doses only a small proportion of the total 
number of treated mice gave a positive response. It therefore seems probable 
that either the hormone is destroyed in the alimentary tract or it is not ab- 
sorbed. The former possibility would be in agreement with the great chemical 
sensitiveness of the active principle. 


Table II. 













By mouth 




















=e” SS 
Injected Approx. 
(6 x 0-3 cc.) no. of 
Batch Active in (6 x 0-3 cc.) units per No. of 
No. dilution dilution mouse mice Result on ovaries 
102 x75 x 25 3 5 Nil 
“ si x 50 1-5 10 Nil 
88 x 100 x10 10 5 Nil 
= 2 x 10 emulsified in ~ 5 Follicular ripening only 
50 % olive oil 
117 x 80 x1-9 40 10 4 
= a x 3-9 20 10 Several corpora lutea in only 
one animal 
1224 x 20 Undiluted 20 5 Nil 
1228 x 80 2 80 5 One animal only, several cor- 
pora lutea and haemorrhagic 
follicles 





5 One animal only; corpora 
(repeated) lutea and haemorrhagic fol- 
licles 


80 








a is x2 40 5 Follicular ripening only 
3 a Undiluted with 40 5 One animal only; several cor- 
food pora lutea, very large uterus 
121pD x 50 Undiluted 10 5 Nil 
a. “ x5 — 5 Nil 
x 5 with food —_— 5 Nil 









In two experiments the administration of the hormone was tried after 
mixing it with the animal’s food. A mixture of bran and oats with the hormone 
was rapidly eaten. To each cage of 5 mice 3 cc. of the hormone solution mixed 
to a stiff paste with equal parts of bran and oats was given twice daily at 
9 a.m. and 6 p.m. for 3 days. On the 5th day the mice were killed and examined 
as usual. The experiments showed that luteinisation may result by this method 
also from about 40 times the dose necessary to produce a similar effect when 
given by injection. Administration to mice by mouth by either method is, 
therefore, not a practicable method of giving the hormone. 
















Effect on the male. 

Zondek and Aschheim [1927, 1928], Engle [1929] and Brouha, Hinglais 
and Simonnet [1930] have observed the enlargement of the male sex organs, 
and particularly of the seminal vesicles, following the injection of urine of 
pregnant women into male rats or mice. The following experiments demon- 
strate that the purified extract, prepared by the method described below, has 
similar properties. 
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Young male mice were used, aged about 3-4 weeks and weighing about 
8-10 g. at the beginning of the experiment. Three groups were used: A, cas- 
trated 3 days before the beginning of the experiment; B, normal controls, not 
receiving injections; and C, normal males. Each of the animals in groups 
A and C received daily doses of 1 cc. of a preparation which was found to cause 
formation of definite corpora lutea in females of the same age when given in 
doses of 0-015 cc. Some of the animals were killed after 5 days and the majority 
after 12 doses of the hormone. In both cases there was very marked enlarge- 
ment of the seminal vesicles and slight enlargement of the testes in all the 
animals in group C, as compared with the controls (group B). In the castrated 
animals the seminal vesicles showed definite atrophy and were smaller than 
in the normal untreated controls. Table III gives some quantitative observa- 
tions on this point, and Plate VI is a photograph of four typical animals at the 
end of the experiment. A similar result is brought about by the injection of 
testicular hormone [Dodds, Greenwood, Gallimore and Allan, 1930], but in this 
case the castrates also are affected. 


Table III. Effect of 12 doses of 1 cc. of preparation P.U. 96 on 
young male mice. 
(B) Cc (A) 


(C) 
Normal controls Normal males Castrates 
(not injected) (injections as above) (injections as above) 


a ee 
Wt. of two Wt. of two Wt. of two 
Body wt. seminal Body wt. seminal Body wt. seminal 
vesicles (mg.) g. vesicles (mg.) g. vesicles 
3 16-5 198 12-0 All very small 
7 12-8 101 13-2 ca. 3—5 mg. 
20 17-0 212 13-3 
10 12-0 138 13-5 
11-8 


Changes following the prolonged injection of the hormone into rats. Two groups 
(A and C) of 5 male and 2 (B and D) of 4 female rats of about the same age 
were used. The average weight at the beginning of the experiment was 57 g. 
in the case of the males and 46 g. for the females. Doses of 0-5 cc. of the same 
preparation of the hormone as was used in the preceding experiment were 
given twice daily, with only one dose on Sundays, for a period of 1 month. 
On the 4th day the vaginas of all the injected females opened, and the typical 
cornified smear indicated precocious oestrus: the controls were 10 days later. 
There was no detectable effect on growth of the injected animals during this 
period. The average weights of the males at the end of the experiment were 
146 g. (injected) and 145 g. (untreated); and of the females, 146 g. (injected) 
and 127 g. (untreated). It may be concluded that the growth-promoting hor- 
mone of the pituitary is not present in the extract obtained from urine of 
pregnancy by ammonium sulphate precipitation and subsequent washing with 
alcohol. 

Analyses were made of the blood of the above groups. Since changes in 
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Ill IV 
Normal control Castrated mouse 
of same age (injections as in 


Two mice receiving injections. : 
and weight. I and II). 
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blood cholesterol have been described [Zondek, 1929, 2] following injection of 
extracts having similar properties to the one under consideration, this substance 


was particularly studied. 
The results given in Table IV show that there is no definite change in the 


amounts of any of the constituents analysed, following prolonged adminis- 
tration of the hormone. 


Table IV. Blood analysis of treated and untreated rats. 


mg. per 100 ce. 
Group A. Males 
Injected; Cholesterol 118, 107, 131, 144, 145: Mean 129 
Non-protein N 37, 45 
Urea 40, 28 
Group B. Females 
Injected; Cholesterol 145, 141, 130, 146: Mean 140 


Non-protein N 41, 40 


Group C. Control males 
Cholesterol 129, 140, 136, 130, 156; Mean 138 
Non-protein N 39. Urea 32 


Group D. Control females 
Cholesterol 105, 134, 160, 144; Mean 136 
Non-protein N 42 


Preparation of the hormone from urine of pregnancy. 


Concentration of urine in vacuo. The urine was concentrated to one-tenth 
of its volume in a jacketed vacuum-still at 40-50°. The cooled concentrate 
was shaken 5 times with ether and was then centrifuged. The clear dark- 
coloured concentrate (P.U. 16) was used for some of the standardisation tests 
described abuve aiter removing dissolved ether and diluting to a suitable 
extent. When tested on mice in the usual way it was still definitely active 
after diluting 70 times. 

Dialysis of concentrated urine. As a preliminary comparison of two types 
of membrane, the concentrate prepared as above was first dialysed in parch- 
ment thimbles (Schleicher and Schiill) against distilled water for 18 hours in 
the refrigerator. The volume inside the thimbles was then 75 cc. and outside 
100 cc. The solid matter was approximately equally divided (65 mg. per ce. 
inside, 57 mg. per cc. outside), but whereas the contents of the thimbles were 
very strongly active in a dose of 0-35 cc. (higher dilutions were not tried) the 
undiluted dialysate (1-8 cc. dose) was inactive when injected into mice. With 
unhardened collodion membranes (period of drying about 10 minutes) the 
activity was not entirely retained. 50 cc. of batch P.U. 16 was dialysed in 
such a sac for 16 hours against two changes of distilled water. The total volume 
of the dialysate was 240 cc. and of the inner fluid 60 cc. The latter was intensely 
active when a dose of 0-2 cc. was injected into mice (higher dilutions were not 
tried), whilst of the dialysate 1-8 cc. was also active, but 0-9 cc. total dose 
was without activity. It may therefore be concluded that most of the active 
principle remained undialysed, whereas a large part of the impurities passed 
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into the dialysate, since this was found to contain about 90 % of the total 
solids originally present in P.U. 16. It is evident from these experiments 
that the hormone passes either very little or not at all through parchment, 
but more rapidly through collodion. A very convenient method for removal 
of rapidly dialysable impurities is thus available. This behaviour on dialysis 
appears to differ from that observed by Zondek and Aschheim [1928]. 

Alcohol precipitation. Preliminary experiments showed that the precipita- 
tion from concentrated urine by concentrations of alcohol above about 75 % 
is almost quantitative. The preparation of a typical batch of material by this 
method is given in the form of the scheme below. The urine! was a collected 
batch from a number of women in the later stages of pregnancy. It was first 
concentrated in vacuo at 40° to about one-fifth of its volume and was then 
precipitated with successive concentrations of 50% and 75 % alcohol. The 
second of these precipitates (C) contained nearly all the activity contaminated 
with much inorganic material. 


Alcohol precipitation of urine. 
36-5 litres concentrated to 4-4 litres at 40° 


50 % alcohol 


| 
ppt. (30 g.) Supernatant fluid 
discarded 
(A) | 75 % alcohol 
| 
ppt. (109 g.) Supernatant fluid, concentrated 
washed ether to 3-8 litres. Inactive 
(C) (B) 


Precipitate C was a nearly white, light, non-hygroscopic powder. Rubbed 
with water, 91% by weight dissolved, giving a clear dark-yellow coloured 
solution. It contained 79 % of inorganic matter, of which 11 % was phos- 
phate (as P,O;). A dose of 5 mg. of this powder dissolved in water gave a 
definite luteinising reaction when injected into mice as described. This amount 
is equivalent to 1-7 cc. of the original urine. The powder has the advantage 
that it may be kept at ordinary temperature for a considerable time without 
deterioration—it was not possible to detect any falling off in activity of this 
particular batch after 12 months under these conditions, but it was still very 
crude, and in addition to the high concentration of phosphate contained 
ammonia, calcium, traces of chlorides and urates, and a considerable amount 
of protein. Thus it was coagulated by heat, precipitated by salicylsulphonic 
acid and gave very definite biuret and Millon tests. Dialysis of this material 
was successful in removing most of the inorganic matter, but it still left a large 
quantity of undialysable impurity. Precipitation of the hormone was there- 

1 I wish to express my thanks to Mr G. F. Marrian, University College, London, for the 
urine used in this particular experiment, which had previously been extracted with ether in the 
course of preparation of oestrin. 
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fore attempted, and after a number of unsuccessful attempts with more com- 
plex precipitants, ammonium sulphate was found to be satisfactory for this 
purpose. Half-saturation with (NH,),SO, caused only a faint opalescence, but 
on full saturation a white gelatinous precipitate separated, and, whilst its 
weight was only about 3}pth of the weight of precipitate C taken, little or no 
loss of activity was found on testing the precipitate. It was, however, still 
contaminated by a considerable amount of protein which remained after the 
removal by dialysis of the accompanying ammonium sulphate. In fact dialysis 
in parchment against 10 changes of distilled water over 24 hours removed little 
else, the solids other than ammonium sulphate remaining practically unchanged 
after dialysis. The dialysed solution (P.U. 76) was coagulated by heat and 
precipitated by trichloroacetic or picric acids, and gave intensely positive 
Millon and definite biuret (reddish violet) and ninhydrin reactions. Its activity 
was apparently unaffected by the above dialysis through parchment. 

Since dialysis fails to purify the material further when the initial step is 
alcohol precipitation, whilst the above experiments show that the hormone 
is precipitated by saturation with ammonium sulphate, it appeared that the 
original alcohol precipitation might with advantage be omitted. 


Precipitation from urine by ammonium sulphate. 


Table V shows some typical results of precipitating a number of combined 
batches of urine of pregnancy by saturating with ammonium sulphate. 


Table V. 
Animal testing 
a Approx. 
Final Dose of Total wt. Units per no. of 
Batch Urine solution undiluted substance cc. equi- units 
No. volume volume solution given valent to _ per litre 
PU. (litres) (ec.) (ce.) Result (mg.) dose given . urine 
7H 1-0 83 0-18 V. active €-12 30 2,300 
0-036 ” 
44 5-0 200 0-18 . 0-11 40 1,700 
0-036 s 
0-024 s 
0-018 Inactive 
44a* — — 1:8 Active — 2-7 2,700 
0-36 Pa 
0-18 Inactive 
64 24-3 73 0-072 V. active 0-036 110 > 330 
0-018 i 
0-009 : 
70 15 250 0-09 Active 0-14 22 >370 
0-045 ” 
72 18 450 0-09 Active 0-30 22 > 550 
0-045 ai 
96 39 500 0-045 V. active — 130 1,700 
0-023 - 
0-015 


0-0075 Active 


* Untreated urine used for precipitation of P.U. 44 above. 
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Method. As an example of the method, the preparation of batch P.U. 64 
will be described in detail. The urine (24-3 litres), previously clarified by 
passing through the Sharples centrifuge, was found to be neutral to litmus. It 
was stirred up with recrystallised (not “commercial”) ammonium sulphate 
(18-2 kg.) when a fine white precipitate separated slowly. The mixture was 
allowed to stand at 0° overnight, and was then again run through the Sharples 
super-centrifuge. This is almost the only practicable method of collecting the 
precipitate without considerable loss. Usually two passages through the 
Sharples are sufficient to separate the precipitate from the nearly clear fluid, 
which is discarded. The precipitate was carefully collected and consisted of 
a darkish, nearly dry, clayey deposit which could be scraped off with ease. 
It was then thoroughly washed with alcohol and afterwards with ether by 
decantation and filtration on a Biichner funnel. The alcoholic filtrate was very 
dark coloured and contained oestrin and impurities. The oestrin is readily 
obtainable in water-soluble form by the method of Marrian [1930] and the 
yield of this hormone is on an average about 300 rat-units per litre. The residue 
on the Biichner funnel after drying in vacuo wasa bulky, nearly white, non-hygro- 
scopic powder containing a considerable amount of adventitious (NH,),SO,. 
For further purification it was extracted with 50 cc. of water and centrifuged, 
whereby the greater part of the ammonium sulphate is dissolved out together 
with a small amount of coloured impurity. (This washing is tested by adding 
solid ammonium sulphate to ensure that there is no loss of dissolved hormone; 
if there is no precipitation the washing is discarded.) The solid matter re- 
maining in the centrifuge tubes was then thoroughly extracted with about 
600 cc. of water at the centrifuge, the large insoluble residue being rejected. 
A few drops of acetic acid may be used if necessary to remove a mucin-like 
opalescence sometimes occurring at this stage. The active material was then 
re-precipitated from the clear, pale-yellow extract by saturation with the 
calculated quantity of ammonium sulphate. A white floating precipitate sepa- 
rated at once. The mixture was kept overnight at 0° when the precipitate could 
be collected in the ordinary centrifuge without difficulty. It was washed into 
a small tube with saturated ammonium sulphate solution and finally washed 
at the centrifuge with alcohol and ether and dried in vacuo over sulphuric acid. 
The resulting material (Batch No. P.U. 64) was a white, very light, homo- 
geneous powder and weighed 1-820 g., of which 0-090 g. consisted of impurities 
insoluble in water and readily removed by centrifuging the aqueous solution, 
while 1-447 g. of the remainder was accounted for by unremoved ammonium 
sulphate. These analytical results were confirmed by removal of the am- 
monium sulphate by dialysis, as is described below. The volume of the aqueous 
solution of the above was 73 cc. (1-820 — 0-090 = 1-730 g. total solids; 
0-283 g. non-ammonium sulphate solids; or 4 mg. non-ammonium sulphate 
solids per ce.). In a dilution of 1 in 200, this solution was highly active, and 
1-8 ce. produced typical haemorrhagic follicles in the ovaries of the experi- 
mental animals. The total dose given was therefore equivalent to 0-036 mg. 
of solid matter other than ammonium sulphate. 
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Dialysis of the ammonium sulphate precipitate. 1-30 g. of the crude pre- 
cipitate (P.U. 64) containing excess of ammonium sulphate, dissolved in 60 cc. 
of distilled water, was placed in Schleicher and Schiill parchment diffusion 
thimbles and dialysed against three changes, each of 5 litres, of distilled water, 
for 36 hours. This dialysis was unavoidably carried out at room temperature. 
The final volume of the dialysis residue was 75 cc., and the analytical results 


are summarised below: 
. Before dialysis (P.U. 64) After dialysis (P.U. 78) 

Total solids 1,300 mg. 82 mg. 

Total Nessler-N 230 ,, 0-99 ,, 


Activity of the product. Before dialysis a dose corresponding to 0-21 mg. 
total solids, of which nearly 0-18 mg. consisted of ammonium sulphate, was 
active when injected into mice in the usual way. After dialysis a total dose of 
the clear aqueous solution (P.U. 78) corresponding to 0-017 mg. total solid 
matter was equally active, and when tested on 5 mice caused the definite 
appearance of numbers of corpora lutea in the immature ovaries. A slightly 
smaller dose (0-012 mg.) tested on the same number of animals produced well- 
marked uterine growth, but had no definite luteinising action. On the basis 
of the discussion of standardisation given above, the unit of this preparation 
may be taken as 0-017 mg. It is remarkable that such a simple process of 
preparation as precipitation with ammonium sulphate should give almost 
directly a product with such a high degree of purity from a complex mixture 
like urine in which it is present only in minute traces. It is evident that many 
of the other constituents also precipitated from urine by saturation with 
ammonium sulphate are to a great extent left in the insoluble residue on 
extraction with water, probably as a result of the treatment with alcohol and 
ether in the case of constituents such as protein, whose solubility is readily 
affected by such treatment. 


Chemical properties. 


The aqueous solution of the hormone prepared as described above is per- 
fectly clear and straw-yellow in colour when concentrated. Owing to the small 
amount of solid matter contained in one unit (for example, with preparation 
P.U. 78 about the same as in a rabbit unit of purified insulin) it is possible to 
obtain extracts which are active on injection into mice but in which, owing 
to the high dilution, many chemical tests appear to be negative. Statements 
of negative chemical reactions are therefore of little value unless it is certain 
that a sufficient amount of active substance is present in the specimen tested. 
Although this point is an obvious one, it has not apparently been taken into 
consideration sufficiently in some investigations of the hormone under con- 
sideration. The following tests were all carried out on solutions definitely active 
in bringing about luteinisation after diluting 60 times. With extracts of 
greater purity it is necessary to use still more concentrated solutions, since 
even with the sample under consideration the solid matter was only about 
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1 mg. per cc. With this solution there was no trace of coagulation on heating 
and the usual protein precipitants gave completely negative tests. The pre- 
cipitants tried included trichloroacetic, salicylsulphonic and picric acids. With 
mercuric sulphate in 5 % sulphuric acid, a slight precipitate slowly formed; 
lead acetate gave a slightly more bulky, white precipitate, whilst fairly volu- 
minous precipitates separated on adding ammonium sulphate to saturation, 
tannic acid, or colloidal ferric hydroxide. The recovery of the activity from 
some of these precipitates is described later. 

Colour reactions. The above solution (P.U. 78) gives a typical positive test 
with Millon’s reagent and a positive reaction for tryptophan with the gly- 
oxylic acid reagent; the latter test is very well-marked in the solution con- 
taining 200 units per cc. or more, but is also shown, though less strongly, by 
the above solution. The Molisch reagents give an intense clear red colour with 
purified specimens; charring occurs with cruder samples. Concentrated sul- 
phuric acid alone gives a very faint rose-red colour (Liebermann reaction). 
The biuret test is a faint but definite violet. The solution after re-precipitation 
with ammonium sulphate, as in the above batch (P.U. 78), gives a negative 
reaction with the Folin uric acid reagent, whereas extracts which had not been 
so precipitated without exception contained considerable quantities of uric 
acid, the effect of which is to mask the reaction with copper sulphate and alkali 
owing to the formation of copper urate, so that an apparently negative biuret 
test is frequently given by the cruder extracts. The solution does not reduce 
Fehling’s or Benedict’s solution. Ehrlich’s p-dimethylaminobenzaldehyde 
reaction is negative, as is also Knoop’s test with bromine water. This latter 
point is of some interest since it shows that the positive bromine test given 
by many specimens of urine of pregnant women [Voge, 1929] is not due to 
the gonad-stimulating hormone which is the basis of the Aschheim and Zondek 
test for pregnancy. This observation is in agreement with the fact that a much 
higher percentage of accuracy of diagnosis is given by the biological test 
than by testing with bromine. 


Stability of the hormone. 


Heat. As has been pointed out by Zondek and Aschheim the hormone is 
very readily destroyed by heating its solution to temperatures above about 
70°. Boiling for 30 seconds was found to destroy the activity completely, in 
confirmation of the thermolabile nature of this hormone. In some cases during 
preparation, allowing the temperature to rise to 65° has been found to result 
in a diminished yield of active material, and even prolonged standing of the 
solution at room temperature is to be avoided. The solid substance however 
may be kept for long periods at room temperature without appreciable loss of 
activity. 

Acids and alkalis. The hormone is very readily inactivated by treatment 
with acid or alkali. In the choice of methods of purification and for other 
purposes it is necessary to have some more accurate information on this point. 
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In the following experiments two preparations of varying degrees of purity 
were exposed to different concentrations of acid (HCl) or alkali (NaOH). In 
all cases the time during which the action was continued was 15 minutes 
at 40°. The solution was then cooled and carefully neutralised. It was then 
diluted to a suitable extent for injection and the activity estimated in the 
usual way by determination of the minimum active dose on groups of five mice. 
The results are given in Table VI. 


Table VI. 


15 minutes at 40° 
Estimated percentage destruction 
of activity 
Normality of acid ama ee 
or alkali HCl NaOH Batch No. P.U. 


0-002 (pq 8-5) ai ca. 0 80 
0-02 25 sie 80 
0-03 >15 >25 80 
0-03 >15 50 121p 
0-18 >80 80 121p 
0-20 90 90 121D 


It will be seen that under these conditions almost complete inactivation 
occurs with 0-2 N acid or alkali. For example, the original specimen P.U. 121 D 
was still definitely active when diluted 50 times, but after this treatment a 
dilution equivalent to a fivefold dilution of P.U. 121 was only feebly active 
and a tenfold dilution entirely without effect on the ovaries. With more dilute 
solutions of NaOH or HC! there is still a marked loss of activity, particularly 
in the acid solutions. Biedl [1928] has remarked on the sensitiveness of the 
hormone to acid. From the above table it will be seen that at 40° incubation 
for even 15 minutes with N/30 HCl reduces the activity to less than a quarter 
of its previous value. In alkali of the same concentration about half the 
activity is lost. The buffering due to the very small weight of the hormone 
and associated impurities is so slight that it can be ignored in these experi- 
ments: for example, only 0-2 cc. of N/10 NaOH was required to be added to 
30 cc. of specimen P.U. 80 to make the resulting solution definitely alkaline 
to phenolphthalein. No detectable loss of activity occurred on incubating this 
solution for 15 minutes at 40°, a fact which is in accordance with the use of 
very dilute alkali in extraction of the luteinising substance from the anterior 
pituitary [Putman, Teel and Benedict, 1928]. 

Trypsin and pepsin. The enzyme preparations used (Liquor Trypsini Co., 
Allen and Hanbury, diluted 1 to 25 and Pepsin scales B.D.H., 2 % solution) 
were first tested for their action on alkaline and acid caseinogen solutions in 
the usual way (Cole, “Practical Physiological Chemistry,” 8th ed.). 10 cc. of 
acid caseinogen (0-5 % solution) were completely digested by 1 cc. of the pepsin 
solution in 10 minutes: 10 cc. of alkaline caseinogen (0-1 % solution) were com- 
pletely digested by 0-1 cc. of the diluted trypsin preparation in 15 minutes. 

For the digestion with pepsin two batches of hormone were used. The first 
was active after diluting 20 times and the second after diluting 120 times, in 
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the usual doses. Higher dilution of both preparations were found to be in- 
active. Both solutions were cautiously made definitely acid to Congo red by 
the addition of one-fifth of their volume of N/10 HCI: one-sixth of their volume 
of the pepsin solution was then added. After incubation for 15 minutes at 38° 
and subsequent careful neutralisation and dilution to an amount equivalent 
to a fivefold dilution of the original specimen, both preparations were found 
on injection into mice to be still definitely active; the more potent of the two 
preparations was very strongly so. 

The same two preparations were used for the experiments with trypsin, 
and also the same quantities of hormone and enzyme solutions. The reaction 
was adjusted with NV/10 NaOH so as to be faintly alkaline to phenolphthalein 
throughout. After 15 minutes the tubes were removed from the bath, cooled, 
and neutralised. The dilutions injected were the same as in the pepsin experi- 
ments; using groups of five mice no difference could be detected between the 
activity of the control specimens (alkali alone, and alkali and boiled trypsin 
together) and those digested with the unboiled enzyme. It is permissible to 
conclude that the hormone is not rapidly attacked by these enzymes, though 
evidence of inactivation has been obtained in both cases by the use of more 
concentrated enzyme solutions and longer periods of digestion, as in the ex- 
periments of Reiss and Haurowitz [1929]. 


Precipitation of the active fraction. 


The experiments described above show clearly that the ammonium sul- 
phate precipitate from urine or from aqueous solutions of the partially purified 
hormone carries down with it the activity. The small loss of activity in experi- 
ments in which several consecutive precipitations were made on the same batch 
of material shows that the precipitation is probably nearly quantitative. As 
the purity of the preparation and its dilution in the solution increase, the 
time taken for separation of the ammonium sulphate precipitate increases, and 
it is therefore necessary to leave the mixture at 0° for some days if maximum 
precipitation of activity is required. 

The use of ammonium sulphate in the initial stages of the purification 
provides a valuable method of removing the greater part of the inactive con- 
stituents but has the disadvantage that it is then necessary to remove the excess 
of the precipitant by dialysis. Although active material was obtained after 
cautious precipitation with N/10 barium hydroxide in the cold, this method 
of removing the sulphate was found to be accompanied by a much greater loss 
of activity than the very small loss occurring in dialysis, and was probably 
caused by adsorption of the active fraction on to the bulky precipitate of 
barium sulphate. Biedl [1928] reports the ease of adsorption of the hormone 
from its aqueous solution. 

Among the other precipitants whose action has already sbeen mentioned, 
it was found that apart from solvents like alcohol and acetone only two caused 
nearly quantitative precipitation of the activity. These reagents were “colloidal 
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iron” and tannic acid. The following experiments were made with the solution 
of the alcohol- and ether-washed ammonium sulphate precipitate obtained 
from 39 litres of urine of pregnancy in the manner already described. This 
precipitate (P.U. 96) was extracted with 500 cc. of water, and the extract was 
slightly acidified with acetic acid and centrifuged. The perfectly clear solution 
was found to be active in dilutions of 1 to 120 and feebly active in dilutions 
of 1 to 240 (total dose given equivalent to 0-6 cc. of original urine). It con- 
tained 70-0 mg. per cc. total solids, dried at 100°, of which the greater part 
was ammonium sulphate. 

Precipitation by “colloidal tron.” To 50 cc. of the above solution, 2 cc. of 
dialysed iron B.D.H. (previously diluted five times with distilled water) were 
added drop by drop. The bulky precipitate, much of which was due to the 
ammonium sulphate present, centrifuged readily and was drained from the 
clear supernatant fluid. This together with the water washings of the precipi- 
tate had a volume of 75 cc. and was again precipitated with “colloidal iron” ; 
this second precipitate was quite inactive when suspended in 50 cc. of water 
and injected into mice in the usual way. The original precipitate on shaking 
with 50 cc. of water formed a uniform fine suspension, and after diluting 
80 times was intensely active, producing many corpora lutea and haemorrhagic 
follicles in the ovaries of the injected mice. In a dilution of 1 in 160 it was 
also active, though less strongly, and resulted in luteinisation in the ovaries 
of four of five mice injected. There was therefore probably a nearly quantitative 
precipitation of the activity by “colloidal iron,” even in the presence of am- 
monium sulphate. This method appears to provide a possible basis for further 
purification, but up to the present no satisfactory means has been found for 
removing the iron from the precipitate without losing the activity. 

Precipitation by tannic acid. Satisfactory results in this respect were found 
when tannic acid was used as a precipitant. To 50 cc. of the above solution, 
previously acidified with acetic acid, 20 cc. of a 20 % solution of tannic acid 
(Kahlbaum) was added. This was the minimum amount to coagulate the bulky 
precipitate which was greyish-white in colour and centrifuged very compactly. 
It was washed at the centrifuge with water (40 cc.); the washings formed a 
negligibly small precipitate with more tannic acid. The whitish precipitate 
was suspended in water (20 cc.) and cooled to 0°. N/10 Ba(OH), (35 cc.) was 
run in cautiously with brisk stirring until the precipitate turned green. The 
suspension of barium tannate was filtered quickly at the pump, and the filtrate 
was titrated at 0° with N/10 H,SO, (15 cc.). After standing overnight at 0° 
the precipitate of BaSO, was removed by filtration and the filtrate and 
washings (total volume 150 cc.) tested upon mice (P.U. 104). Diluted 1 : 20 
it was strongly active, 1 : 40 it was also definitely active, but 1 : 100 no macro- 
scopic evidence of luteinising activity was observed. The solid residue from 
5 cc. dried at 100° was 4-0 mg. or 0-80 mg. per cc. and the ammonia content 
determined by direct nesslerisation was equivalent to 0-075 mg. N (or 
0-36 mg. (NH,).SO,) per cc. The above active dose (total 1-8 cc.; dilution x 40) 
Biochem. 1930 xx1v 96 
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is, therefore, equivalent to 0-036 mg. total solids of which nearly half appears 
to be ammonium sulphate. Probably the latter was imperfectly removed 
by the washing of the original tannic acid precipitate, the experiment was 
therefore repeated with more thorough washing; see below. The solution so 
obtained (P.U. 104) was perfectly clear and nearly colourless. After concen- 
trating in vacuo at 30-35° to 10 cc. it was pale yellow in colour and still 
perfectly clear. On adding absolute alcohol (140 cc.) and ether (100 cc.) there 
was a slight opalescence which did not coagulate even on standing overnight 
at 0°. Attempts to bring about precipitation by addition of acetic acid or by 
acetone were unsuccessful. The solution was therefore again concentrated to 
3-5 ec. in vacuo at 30-35°. This very concentrated clear solution was precipi- 
tated by addition of acetone (70 cc.), the white precipitate was collected at the 
centrifuge and dissolved with a slight trace of opalescence in 30 cc. of water. 
For the animal tests this solution was diluted before injection 1:90 and 
1: 180. Both dilutions were strongly active. The acetone supernatant fluid 
was concentrated to dryness in vacuo and the residue was dissolved in 40 cc. 
of water; the undiluted solution produced no changes in the ovaries. It appears 
therefore that the precipitation was quantitative, though some loss of activity 
probably occurred on repeated evaporation of the faintly acid solution of the 
hormone even at the low temperatures used. The solution of the acetone pre- 
cipitate contained 2-06 mg. per cc. total solids, dried at 110°, and 0-16 mg. 
ammonia-N by direct nesslerisation. Since a total dose of 1-8 cc. of a 1: 180 
dilution was active, this dose was equivalent to 0-02 mg. of total solid matter 
of which about one third was due to the trace of ammonium sulphate present. 

In order to remove the last traces of ammonium sulphate and other soluble 
impurities from the hormone, the tannic acid precipitate prepared as in the 
previous experiment was thoroughly washed with water at the centrifuge. 
290 cc. of the same batch (P.U. 96) as that previously used was cooled to 0° 
and treated with 29 cc. of glacial acetic acid and 45 cc. of a 20 % solution of 
tannic acid (Kahlbaum). The precipitate was then washed with two successive 
quantities of 75 cc. of 2 % tannic acid and finally with two further quantities, 
each 75 cc., of distilled water. The whole precipitate was then drained from 
the last washing and suspended in 100 cc. of water. One cc. of a 1 in 350 dilution 
of this suspension was strongly active and on injection produced corpora lutea 
and haemorrhagic follicles. The remainder (99 cc.) was chilled to 0° and 
Ba(OH), (27 cc.) was run in to precipitate the tannate. The precipitation of 
BaSO, by sulphuric acid (1-5 cc. N/10) was very slow and required 48 hours 
at 0° before a clear filtrate could be obtained. The filtrate and washings of the 
precipitate were free from excess barium (total volume 145 cc.) but still gave 
a faint colour with the Folin type of Nessler reagent, though the colour ap- 
peared to be a slightly different shade of yellow from that given by ammonia. 
Compared in the colorimeter with a standard (NH,),SO, solution. the colour 
given by the hormone solution approximately matched that given by a 
solution containing 0-005 mg. ammonia-N per cc. 10 cc. of the solution were 
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evaporated to dryness and the residue, dried at 100°, weighed 1-70 mg.: the 
total solids therefore were 0-170 mg. per cc. For the animal tests the above 
solution was diluted 1:60 and 1 : 240. With the former dose, of 5 mice in- 
jected the ovaries of three animals. showed macroscopically the definite 
formation of corpora lutea. The substance in these doses had little effect on 
the uterus, though some slight enlargement was noted. In the higher dilution 
the microscopic findings showed slight luteinisation of enlarged follicles, but, 
in accordance with the provisional definition of activity adopted, this finding 
was merely regarded as confirming the unit contained in the 1 : 60 dilution. 
The total dose given in this dilution (1-8 cc.) was, therefore, 0-006 mg.; this 
represents the smallest weight of substance definitely active in bringing about 
luteinisation obtained in any of these experiments up to the present. Un- 
fortunately, slow formation of a white precipitate, accompanied by inacti- 
vation of the material, occurred on standing for a few weeks in the refrigerator. 
Injection of suspensions of the precipitate or of the supernatant clear colour- 
less solution was found to yield negative results even in doses equivalent to 
10-20 times the amount given above. It is evident that the highly purified 
hormone should not be kept in solution even at 0° for any appreciable time, 
but should be preserved in the solid state, as in the preceding experiment. 
Further work is in progress to attempt to determine the cause of the inactiva- 
tion; at present it seems possible that the acidity of the solution (very faintly 
acid to methyl orange) remaining after precipitation of the barium may have 
been responsible for the loss in this particular experiment. 


Discussion. 

From the above results it is evident that the material obtained by the 
method of precipitation used is identical with that described by Zondek and 
Aschheim. These authors now believe that two thermolabile factors are con- 
cerned, referred to by Zondek and Aschheim as prolan A and prolan B, and 
by Wiesner [1930] as rho 1 and rho 2. One factor (prolan A, rho 1) causes folli- 
cular ripening and the other (prolan B, rho 2) is the luteinising or “kyogenic” 
principle. Prolan A is obtained almost free from prolan B by precipitation 
with alcohol from the urine of non-pregnant women, e.g. from a proportion 
of cases of genital carcinoma [Zondek, 1930], but prolan B has not yet been 
prepared free from prolan A. In the experiments described above there is no 
evidence of any separation of these effects occurring during purification, hence 
it may be concluded that if there are these two distinct substances in the urine 
during pregnancy they are both precipitable not only by alcohol, but also by 
ammonium sulphate, “colloidal iron” and tannic acid under exactly the same 
conditions. 

A point of great importance is the relation of this material to the active 
maturity-producing principle recently obtained in a microcrystalline form by 
Collip [1930, 1, 2] from human placenta. Is the substance described in this 
paper a relatively crude form of Collip’s “emmenin”? This is definitely 
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not so, since the latter withstands boiling in aqueous solution, is soluble in all 
concentrations of alcohol and is almost as active when given by mouth as by 
injection. Also Collip now states [1930, 2] that corpora lutea “have seldom 
been found” in the ovaries of immature rats which have been treated with 
either a fraction soluble in 85 °% alcohol or with the recrystallised final product. 
It appears that the luteinising factor present in Collip’s earlier extracts [1930, 1] 
and removed during the process of purification used in the later extracts is 
closely related to the substance or mixture of substances the preparation of 
which is described in this paper. This is made very probable by the fact [Collip, 
1930, 2, addendum] that a substance with similar physiological properties, 
inactive when given by mouth, precipitable by alcohol, and injured by boiling, 
occurs together with the follicle-ripening principle in some of his placental 
extracts. 

The chemical properties of the concentrate prepared by ammonium sul- 
phate from the urine as described above show that it contains degradation 
products of protein, though it is quite free from protein itself. As yet, however, 
it is not clear how far the chemical tests are due to the active principle itself 
and not to associated impurities precipitated with it from the urine. 


SUMMARY. 


1. The gonad-stimulating hormone is precipitated from the urine of preg- 
nant women by saturation with ammonium sulphate. 

2. Injection of the hormone into immature animals (mice and rats) leads 
to precocious sexual maturity. In the female the formation of corpora lutea 
and of haemorrhagic follicles in the ovary is observed, and in the male great 
enlargement of the seminal vesicles. The hormone is active by mouth only 
when very large doses (40 units) are given, and is without action on castrated 
animals, 

3. The extract is without effect on the growth-rate of normal rats. In- 
jection over a long period does not cause any detectable change in the blood 
cholesterol or urea contents. 

4. By the method of preparation described, the yield of active principle is 
satisfactory. Aqueous solutions containing up to 1000 mouse-units per cc. 
have been obtained, and the injection of 0-02-0-006 mg. of the material causes 
the above changes in female mice. 

5. On dialysis the hormone passes only very slowly through parchment, 
more rapidly through collodion. 

6. It is inactivated by boiling, and by the action of acids and alkalis; 
the activity is reduced to below 50 % by treatment for 15 minutes at 40° with 
N/30 NaOH or HCl. It is not rapidly destroyed by trypsin or pepsin, though 
prolonged treatment causes inactivation. 

7. In the purified solution containing 200 units per cc. the biuret reaction 
is faint but definite; the Millon, glyoxylic and Molisch tests are positive. No 
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precipitate is given with trichloroacetic, salicylsulphonic or picric acid, and 
the solution remains clear on boiling. 

8. The hormone is precipitated without loss of activity from its aqueous 
solution by complete saturation with ammonium sulphate, by alcohol or 
acetone, by “colloidal iron” or tannic acid. 

9. A method of purification based on the use of tannic acid is described. 


‘ This work was carried out with the aid of a whole time grant from the 
Medical Research Council for which I wish to make acknowledgment here. 
My thanks are also due to the Middlesex Hospital for facilities for carrying out 
this work and particularly for their generosity in defraying the expense of the 


animals used. 
To Prof. E. C. Dodds I am much indebted for his continued interest 


throughout these experiments. 
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QuasTEL [1925] showed that pyruvic acid was produced from a variety of 
substances by the action of B. pyocyaneus, and was apparently directly con- 
nected with the growth process of the bacteria. Previous work by Beijerinck 
and Folpmers [1916] had shown that this acid is formed from malic and 
fumaric acids under the influence of B. fluorescens and B. pyocyaneus. These 
experiments were carried out with cultures of growing bacteria, and it was 
thought of interest to study the production of pyruvic acid from substrates 
in the presence of a relatively large amount of already grown bacteria. 

As this substance is very easily metabolised by bacteria, methods were 
adopted to prevent, if possible, its further breakdown. Quastel and Wooldridge 
[1927, 1, 2] had noted that if the suspensions of resting bacteria were treated 
with various reagents certain mechanisms could be entirely eliminated. The 
effect of nitrite on the dehydrogenation of lactic acid in the presence of nitrate 
had been noted earlier by Quastel, Stephenson and Whetham [1925]. With 
M/20 nitrite pyruvic acid was formed in relatively large amounts. In the 
experiments to be mentioned the substrates, which were nearly all hydrogen 
donators, were oxidised in the presence of atmospheric oxygen. The oxygen 
used for the process can be very easily measured in the Barcroft differential 
manometer. The experiments are also of some interest as an attempt to 
study the effect of oxygen on fermentative processes. Use was made of the 
capacity of pyruvic acid to form an addition compound with sodium hydrogen 
sulphite. By the use of this compound very definite differences were noted in 
the metabolism of pyruvic acid by yeast and by B. colt communis. 

The detection and determination of pyruvic acid. Much time was spent 
in finding a suitable specific method for the detection and estimation of this 
compound. It is felt that owing to its undoubted importance in carbohydrate 
metabolism, reference might be made to the methods which have been indi- 
cated. For the qualitative detection of pyruvic acid the most sensitive and 
specific test is that of Posternak [1927] in which the solution is treated with 
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an equal volume of concentrated hydrochloric acid and a few crystals of 
phloroglucinol; a positive reaction (red colour) is obtained with 1 in 5000 
pyruvic acid and the test is thus superior to those described by Quastel [1924]. 

Of the methods which have been proposed for the quantitative determina- 
tion of pyruvic acid [MacLean, 1913; Kayser, 1924; Simon and Piaux, 1924; 
Wieland, 1924; Krishna and Sreenivasaya, 1928], that of Wieland is, according 
to the writer’s experience, the only one of use for small quantities. Better 
results can be obtained by utilising the capacity which pyruvic acid shares 
with many other compounds of forming addition compounds with sodium 
bisulphite. This method of bisulphite fixation has been applied by Friedemann, 
Cotonio and Shaffer [1927] to the determination of acetaldehyde from the 
oxidation of lactic acid in the quantitative determination of the latter. The 
method used here is essentially the same. Certain difficulties arise in the 
presence of other compounds which combine with bisulphite, but these may 
be surmounted. The method may be used to estimate acetaldehyde and pyruvic 
acid in a single sample. 

EXPERIMENTAL. 

If bisulphite has been used in the experiments it must be eliminated before 
the determination of pyruvic acid can be carried out, except for the methods 
depending on the nitroprusside reaction and the bisulphite fixation method. 
The bisulphite may be easily removed by hydrolysis with a small quantity of 
acid and boiling, or it may be titrated with iodine. The results obtained using 
Wieland’s method and the bisulphite-binding capacity method will be given 
in some little detail. 

Wieland’s method. 


The reagents consist of normal alkali, standard iodine and thiosulphate. 
Protein must be removed from the material to be analysed, as it interferes 
with the reaction; methylglyoxal, acetone, sugars, etc. must also be removed 
from the solution. To a convenient amount of the solution are added 5 cc. of 
normal alkali (more alkali if the solution was previously acid) and then a 
known volume of standard iodine solution. The amount of iodine added must 
be considerably in excess of that required for the transformation of the pyruvic 
acid into iodoform. The mixture is then left at room temperature for not more 
than 2 hours. Acid is added in excess and the iodine set free is titrated with 
standard thiosulphate. 

1 cc. N/10 iodine combined = 1-46 mg. pyruvic acid. 


To make the method more sensitive the iodine may be diluted to a suitable 
concentration. Concentrations of iodine below N/100 are however not satis- 
factory. Table I gives the results of an actual experiment. 

As a test of the method four 2 cc. samples of the pyruvic acid solution were 
treated with (A) 8 cc. of buffer, (B) 2 cc. of bacterial suspension and 6 cc. 
buffer, (C) 2 cc. of M/10 NaHSO, and 6 cc. buffer, (D) 2 cc. bacterial suspen- 
sion, 2 cc. M/10 NaHSO,, and 4 cc. buffer; the bacteria were precipitated in 
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Table I. 

Pyruvic acid ec. V/10 I ee. N/50 I ec. N/100I  Pyruvie acid 
taken mg. bound bound bound found mg. 
17-2 1-18 —_ — 17-0 
17-2 1-18 _— — 17-0 
1-72 _ 5-85 — 1-72 
1-72 — 5-90 + 1-71 
0-69 -- 2-40 os 0-70 
0-69 —_ 2-40 -- 0-70 
0-345 _ 1-2 — 0-35 
0-345 -- — 2-3 0-34 
0-172 =e _ 1-2 0-175 


B and D. The sulphite in C was hydrolysed with acid. In D it was titrated 
with iodine. The results obtained are shown in Table II. 


Table IT. 
Mixture ce. of N/10 I bound Pyruvic acid (mg.) 
A 1-18 17-2 
1-18 17-2 
B 1-18 17-2 
1-18 17-2 
Cc 1-13 16-5 
1-18 17-2 
D 1-18 17-2 
1-13 16-5 


Pyruvic acid taken, 17-2 mg. 


Estimation by bisulphite-binding capacity. 

The method consists in titrating the excess sodium hydrogen sulphite with 
iodine and liberating the bound sulphite with sodium carbonate. The liberated 
sulphite is then titrated with standard iodine solution, 1 cc. of N/10 iodine 
being equivalent to 4-4 mg. pyruvic acid. If acetaldehyde or other bisulphite- 
binding substance is present the total bound sulphite is estimated. Acetalde- 
hyde or any substance of a volatile nature may be distilled off after hydrolysis 
with acid and collected in bisulphite solution. The acetaldehyde may then be 
estimated in the distillate. The pyruvic acid in the original solution may be 
determined by difference and the result can be checked by neutralising the 
original solution (very carefully), adding fresh bisulphite solution and again 
titrating the bound sulphite. Pyruvic acid even in small amounts is quite 
stable in acid solution. For this method the use of ammonia-free water 
in the manipulations is absolutely necessary. Table III gives some results 
obtained ; quantities as low as 0-2 mg. of pyruvic acid may be determined. 


Table III. 


Pyruvic acid cc. iodine for bound sulphite Pyruvic acid 
taken —_—_— HU found 
mg. N/10 1 N/100 I mg. 

33 7-50 — 33 


6-6 —_ li 6-6 


oO 
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The identification of pyruvic acid. 

Pyruvic acid is best identified as the p-nitrophenylhydrazone. Quastel 
[1924] and Klein and Fuchs [1929] give an interesting account of other de- 
rivatives of pyruvic acid that may be prepared and serve as a further means 
of identification of this substance. The use of these substances as fixatives to 
demonstrate the transitory formation of pyruvic acid in fermentation is also 
discussed in this paper. 


The production of pyruvic acid by B. coli in aerobic oxidations. 


The bacterial suspension used throughout these experiments was obtained 
from a strain of B. coli communis and was prepared as described by Cook and 
Stephenson [1928]. All these experiments were conducted at pq 6-0. The CO, 
output was determined as described in another paper [Cook, 1930]. It is of 
some interest to compare the degree of oxidation obtained by methods in which 
the use of inhibitors and fixatives has been involved. Table IV gives the 
oxygen uptakes and CO, outputs obtained with the organism in the presence 
of 1 cc. of M/25 sodium bisulphite at py 6-0 and with the organism after 
being treated with M/25 sodium nitrite and then washed free of the solution as 
described by Quastel and Wooldridge [1927, 1]. This table should also be 
compared with a similar table given by Cook [1930] where values for the 
untreated organism and the organism treated with toluene are given. 


Table IV. 
Bacteria with 1 ce. Bacteria treated 
M/25 NaHSO, with NaNO, 
py 

1 cc. of M/100 0, co, O, co, 
Glucose 1-09* — 0-67* — 
Lactic acid 0-33* 0-37* 0-36* a= 
Pyruvic acid 0 ? 0 _ 
Formic acid 0-51 — = — 
Acetic acid 0 0 0 — 
Succinic acid 0-72* 0-54* — — 


Fumaric acid 0-22* — — 
The figures represent centimols of gas respired. These values have been calculated from the 
mm.? of dry gas at N.T.P. respired for 1 cc. of M/100 solution of substrate and are the mean of 
several experiments. The sign 0 represents no appreciable oxidation, while blank spaces represent 
experiments not as yet done or which are variable or uncertain and await confirmation. 
An asterisk denotes that pyruvic acid is formed. 

As has been pointed out in another paper by the writer [Cook, 1930], while 
the amount of oxygen taken up by pyruvate in the presence of the untreated 
organism corresponds to one atom of oxygen less than that used in the oxida- 
tion of lactate, the amount of CO, is approximately the same. This would 
perhaps indicate that all the lactate passes through pyruvate, the latter then 
being oxidised. It must be noted however that when the toluene-treated 
organism or the organism treated with sodium nitrite or in the presence of 
sodium hydrogen sulphite is used, the amount of oxygen taken up does not 
correspond to the theoretical amount according to the equation 


CH,.CHOH.COOH + 40, - CH,.CO.COOH + H,0. 
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The amount of oxygen for such a reaction should be theoretically 0-5 centimols 
in the above experiments, but, as will be seen, it is 0-38 centimols for the 
toluene-treated organism and 0-36 and 0-33 for the nitrite-treated organism 
and organism in the presence of sulphite respectively. Also some CO, is given 
off in the case of the organism in the presence of sulphite. The possibility of 


c 


secondary reactions is at present under consideration. 


The fermentation of glucose by B. coli. 


It is interesting to consider how far the results obtained in the aerobic 
oxidation of glucose by B. coli under conditions where no growth is to be 
observed may be applied to the process of fermentation where active growth 
is taking place. B. coli will break down glucose under aerobic conditions in 
a fermentation experiment to lactic acid, etc. These substances are known to 
be oxidised by oxygen in the presence of B. coli from the experiments of 
Cook and Stephenson [1928]. It seems certain that the production of these 
substances and their subsequent removal is a question of the relative velocities 
concerned, the acid products accumulating too rapidly under the conditions 
of the fermentation experiments to be removed subsequently by the slower 
process of oxidation. Care must therefore be taken in interpreting these ex- 
periments, as the conditions of the experiment were conducive to the maximum 
amount of oxidation. Low concentrations of substrates were used with good 
aeration and efficient means of removing the CO, as fast as it formed, all 
tending towards this result. 

Harden [1901] was the first to isolate the products of decomposition of 
glucose by B. coli communis. He suggested that the following formula repre- 


sented the reaction: 


2CH,,0, + H,0 > 2CH,.CHOH.COOH 
+ CH,.COOH + C,H,OH + 200, + 2H,. 


Grey and Young [1921] investigated the fermentation under aerobic and 
anaerobic conditions and with bacteria that had been grown anaerobically 
and aerobically. They found that, where the immediate past history of the 
organism had been anaerobic, under anaerobic conditions little or no lactic 
acid was produced, the yield of succinic acid was diminished, but acetic 
acid was produced in large amounts. The introduction of oxygen during the 
fermentation increased the yield of acetic, lactic and succinic acids, but 
decreased the amounts of hydrogen, CO, and formic acid, while it had little 
influence on the yield of alcohol!. 

Aubel [1926] has studied very carefully this same fermentation but in a 


glucose-inorganic medium under aerobic and anaerobic conditions. These 


1 In this connection it is interesting to note that Cook and Stephenson [1928] have shown 
that as regards oxidations by molecular oxygen in the presence of B. coli the degree of oxidation 
is much the same whether the organism has been grown under the strictest anaerobic conditions 


or aerobically. 
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results are quite in contrast to those of Grey and Young. The presence of 
pyruvic acid and the absence of succinic acid are to be noted. In Aubel’s experi- 
ments the introduction of oxygen increases the amount of pyruvic acid, formic 
acid and CO,, while the amounts of alcohol, and of acetic and lactic acids 
are decreased. 

These striking differences may perhaps be interpreted as being due to the 
totally different conditions under which the various authors performed their 
experiments. In the experiments of Grey and Young the glucose was inocu- 
lated with heavy suspensions of already grown bacteria, while in Aubel’s 
experiments a process of normal growth took place. It is clear that some 
differences in reaction to the medium may be explained by this fact, as also 
that other factors enter the process, e.g. the strain of bacteria used. Certain 
strains of B. coli produce fermentation products in quite different proportions, 
and certain strains do not produce succinic acid while other strains produce it 
in large quantities [Virtanen, 1927]. The results of Grey and Young show that 
great differences may exist between the yields of any given substance with 
the same strain of bacteria, according to the conditions. Such considerations 
must be taken into account, but they do not affect the general argument. 

The products of fermentation. That the hydrogen and CO, in these experi- 
ments is derived from formic acid would seem to be conclusively proved by 
the experiments of Pakes and Jollyman [1901], Penfold [1911], Harden and 
Penfold [1912], Grey [1914] and Stickland [1929]. Aubel [1926] has pointed 
out that the hydrogen may also be regarded as being formed by the decom- 
position of the glucose to pyruvic acid, the CO, being formed by the decar- 
boxylation of the latter. Such a step, as will be shown later, is extremely 
unlikely in this fermentation. 

The presence of acetic acid and alcohol in approximately equimolecular 
proportions seems to indicate that their origin is in a common substance, 
which would from analogy with the yeast fermentation be acetaldehyde. The 
presence of this substance in the fermentation is undoubted. The origin of the 
acetaldehyde will be considered in some detail later. 

Grey and Young point out that the proportion of alcohol to acetic acid 
has a wider range under anaerobic than aerobic conditions. They attribute this 
to the oxygen inhibiting the mechanism of autoreduction which is responsible 
for the production of alcohol. Assuming from analogy with the yeast fermen- 
tation that the acetic acid and alcohol are formed from the same parent sub- 
stance, acetaldehyde, certain interesting relations may be observed. Thus if we 
calculate the theoretical values of acetic acid which should be formed from 
the alcohol present we note that though this is formed in considerably larger 
quantities under aerobic conditions, it is also present in amounts greater than 
the theoretical yield from the amount of alcohol found under anaerobic condi- 
tions. This seems to indicate some other mechanism which also produces acetic 
acid. It may be argued that the acetic acid is produced by the direct oxidation 
of acetaldehyde with reduction of another compound. This would decrease 
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the yield of alcohol, but even under aerobic conditions it remains little 
altered. 

The presence of pyruvic acid in Aubel’s experiments may help us to inter- 
pret this production of acetic acid. Neuberg [1914] has shown that by the 
action of mixed putrefactive bacteria on a-keto-acids, formic acid and a fatty 
acid with one carbon atom less than the original acid are produced. Thus 
pyruvic acid may be pictured as decomposing thus: 


CH,.CO.COOH + H,O > CH,.COOH + H.COOH. 


It will be seen that here we have indication of a process quite different from 
that which occurs in the decomposition of pyruvic acid by yeast. It is to be 
noted that CO,, hydrogen and acetic acid are to be found in the decomposition 
products of pyruvic acid by B. coli [see particularly Karczag and Moczar, 
1913]. 

Aubel’s results are clearly in favour of this view. If we suppose that the 
alcohol and acetic acid are formed from acetaldehyde derived from the pyruvic 
acid we should expect that the yields of alcohol and acetic acid would be much 
higher under aerobic conditions where the production of pyruvic acid is at its 
maximum. We find however that while both these are reduced in amount, the 
quantity of acetic acid produced is still in excess of that which should be formed 
from the amount of alcohol present. The formic acid however is produced in 
much greater amount than would correspond to the acetic acid produced; an 
extra origin for the formic acid is thus indicated. 

The formation of pyruvic acid. There is no doubt that pyruvic acid is formed 
from glucose in bacterial fermentations. It may however be formed indirectly 
from other substances resulting from the primary decomposition of the glucose 
[Beijerinck and Folpmers, 1916; Quastel, 1925]. These results have been 
confirmed for B. coli (see Table IV). In the fermentation of glucose by B. colt, 
lactic acid is produced in large quantities. Can we then regard the pyruvic acid 
as being formed by the oxidation of the lactic acid? The oxidation of lactic 
acid to pyruvic acid has been effected by numerous species of bacteria [Mazé 
and Ruot, 1916; Mazé, 1918]. 

It has been shown that this transformation may easily be brought about 
by B. coli in the presence of a suitable hydrogen acceptor such as oxygen, and 
where the reaction is arrested at the pyruvic acid stage by means of a fixative 
for the pyruvic acid, or under conditions where the cell processes are so affected 
that further metabolism of the pyruvic acid is stopped. 

Mixtures were made up as shown in Table V. The solutions were aerated 


Table V. 
M/10 M/5 Bacterial Buffer 
lactate NaHSO, suspension Py 6 
1 50 ce. 50 ce. 50 ec. 350 ec. 
2 20 20 20 75 
3 5 5 5 10 
4 2 2 2 4 
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in a current of air for the times indicated. The pyruvic acid was then esti- 
mated. Table VI gives the results. 


Table VI. 
mg. pyruvic acid per 
Experiment Time (hours) 100 ce. solution 
1 8 28-52 
2 74 31-00 
3 (a) 8 28-00 
(b) 48 27-00 
4 (a) 8 (21-00) 
(b) 8 27-20 


88 mg. of pyruvic acid correspond to complete oxidation of lactic acid to pyruvic acid. 


Sodium pyruvate was then set up and aerated in the presence of sodium 
bisulphite with B. coli. Table VII indicates the results obtained. 


Table VII. 
mg. pyruvic acid per 
Experiment Time (hours) 100 ce. solution 
1 (a) 8 37-4 
(b) 48 28-2 
2 (a) 6 58-0 
(b) 7h 44-5 
(c) 23 33-5 
(d) 48 22-5 


Aubel [1926] has suggested that the breakdown of glucose by B. coli consists 
of two processes—(1) the production of lactic acid, (2) the production of pyruvic 
acid with the liberation of hydrogen. That pyruvic acid is produced by the 
decomposition of glucose in the presence of a fixative for the pyruvic acid and 
under conditions of free oxygen access is shown by the following experiments. 
M/100 glucose when oxidised in the presence of sodium bisulphite takes up 
an amount of oxygen corresponding to two atoms of oxygen per mol. of 
glucose, corresponding to the equation 

C,H,.0, + 20 ~ 2CH,.CO.COOH + 2H,O 
(Table IV). This would correspond to Aubel’s process for the production of 
pyruvic acid. It is noteworthy that in this case the reaction is set only in the 
one channel, no lactic acid being formed. 

As regards the hydrogen production, it is curious that no hydrogen collects 
in a Durham tube when glucose is fermented with B. coli in the presence of 
sodium bisulphite although pyruvic acid is produced in large amounts. This 
interesting problem is also under further investigation. 

In the case of oxidations by B. coli in the presence of sodium bisulphite 
the pyruvic acid is fixed as the bisulphite compound, the reaction being 
arrested there. 

Although secondary reactions may well be taking place, as evidenced by 
the amounts of pyruvic acid which are formed by the oxidation of lactic acid 
being below the theoretical value (see Tables V and VI), very little acetalde- 
hyde is formed. Neuberg and Reinfurth [1920, 2] have shown that in the case 
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of yeast the pyruvate-bisulphite compound is decomposed by carboxylase to 
acetaldehyde and CO,. 

The action of zymin on pyruvate in the presence of bisulphite was investi- 
gated. Fig. 1 represents the CO, output from 1 cc. of M/50 pyruvate in the 
presence of 1 cc. M/20 sodium hydrogen sulphite. 

It will be seen that the amount of CO, evolved corresponds to decarboxyla- 
tion to acetaldehyde. The contents of the Barcroft cups were withdrawn and 
the zymin removed by centrifuging. The acetaldehyde was then estimated by 
the method of Friedemann, Cotonio and Shaffer [1927]. The following results 
were obtained: iodine corresponding to bound sulphite = 1-98 cc. of M/50 
iodine (mean of six experiments) = 0-871 mg. acetaldehyde. Theory from 
1 cc. M/50 pyruvate = 0-880 mg. 





Time in hours 


Fig. 1. Carbon dioxide output from 1 cc. M/50 pyruvate and 1 cc. M/20 NaHSO, at pq 6-0 
and 40° in the presence of zymin and in the presence of B. coli. I corresponds to the theo- 
retical value for decarboxylation of the pyruvate to acetaldehyde. 


This inability of B. coli to convert the pyruvate-bisulphite compound to 
acetaldehyde seems to indicate that in fermentations with B. coli the acetalde- 
hyde has another origin than pyruvic acid. “Dimedon” [Neuberg and Rein- 
furth, 1920, 1] was also used as a fixative for acetaldehyde. It was thought 
that the sulphite might alter the normal course of reaction by combining with 
the pyruvate. Dimedon does not combine with pyruvic acid. It was found 
however in these experiments that although the pyruvic acid disappeared the 
quantities of acetaldehyde present were small in comparison with those found 
in experiments in which bisulphite was used. 

The origin of the acetaldehyde. The presence of acetaldehyde in the decom- 
position of glucose by B. coli is undoubted. Grey [1913] first indicated its 
presence. Neuberg and Nord [1919] obtained large quantities by fixation with 
sodium sulphite. Nagai [1923] and de Graaff and Le Févre [1925] have also 
shown its production by fixation methods in the decomposition by bacteria 
of numerous organic compounds of biological interest. The latter workers 
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show that acetaldehyde is formed in the decomposition of pyruvic acid by 
organisms of the coli-typhosus group. They do not appear however to have 
estimated the acetaldehyde formed and in a subsequent experiment on the 
fermentation of pyruvic acid they found that it was broken down to acetic 
acid, hydrogen and CO,, in accordance with the following reaction: 


CH,.CO.COOH + H,0 > CH,.COOH + H, + C0,. 


This they attribute to the action of carboxylase in the same manner as for 
yeast. The fact that hydrogen is formed is difficult to explain by this action. 
It may readily be accounted for as arising from formic acid. Whetham [1927] 
has collected considerable evidence in favour of the view that pyruvic acid 
ferments to acetic acid and formic acid, the latter then decomposing into 
hydrogen and CO,. It should be pointed out that the hydrogen so formed 
may well be able to bring about reduction. The formation of lactic acid in 
fermenting solutions of pyruvic acid may be explained by this action [Aubel, 
1924]. 

The production of the acetaldehyde in the fermentation of pyruvic acid 
may be explained in various ways. It is quite possible that sufficient material 
is present in the cell to form small quantities of acetaldehyde. Neuberg and 
Kerb [1912] noted that acetaldehyde is formed as a product of autofermen- 
tation of yeast. With pyruvic acid and bacteria sufficient pyruvic acid may be 
synthesised to glucose to break down later to form acetaldehyde. It has been 
found that a small quantity of acetaldehyde is always formed in the oxidation 
of lactic acid to pyruvic acid by oxygen in the presence of B. coli. This however 
seems to depend not on the amount of pyruvic acid present, but on the 
amount of bacteria. Using different concentrations of pyruvate approximately 
the same quantity of acetaldehyde is always formed. This is shown by the 
following experiment. 

Mixtures were made up as shown in Table VIII. The quantities given 
represent cc. of material used. 


Table VIII. 

M/10 M/10 M/5 Bacterial Buffer Condition of 

lactate pyruvate NaHSO, suspension Pr 6 experiment 
1 --- —- 2 2 6 Aerobic 
2 — -— 2 2 6 Anaerobic 
3 50 — 50 50 350 Aerobic 
4 2 — 2 2 4 a 
5 — 2 2 2 4 oe 
6 — z 2 2 4 Anaerobic 


At the times indicated in Table IX the mixtures were acidified and the 
acetaldehyde distilled into sodium bisulphite and then estimated by the 
method of Friedemann, Cotonio and Shaffer [1927]. 

A more sensitive test by which the presence of acetaldehyde can be shown 
and in which there is no necessity to fix the acetaldehyde and thereby perhaps 
alter the normal course of reaction is the detection of acetylmethylcarbinol 
(acetoin). This is formed, by yeast at least, by the condensation of two molecules 
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Table IX. 


Duration of mg.acetaldehyde cc. bacterial cc. M/100 lactate 


experiment per 100 ce. suspension per or pyruvate per 

Experiment (hours) solution 100 ce. solution 100 cc. solution 
1 8 Reaction + + + 20 20 

not estimated 

2 8 0 20 20 
3 8 1-80 10 10 
4 (a) 8 1-05 20 20 
(b) 48 2-40 20 20 
5 (a) 8 1-25 20 20 
(b) 48 2-00 20 20 
6 24 0 40 20 


Note. 10 cc. of M/100 lactate and pyruvate solutions contain 90 mg. lactic acid and 88 mg. 


pyruvic acid respectively. 


of acetaldehyde under the influence of the enzyme carboligase [Neuberg and 
Hirsch, 1921]. Acetoin can be detected in very small amounts. It has been 
found that acetoin may be detected in small amounts in the fermentation of 
pyruvic acid. Its presence may be accounted for in a similar manner to that 
indicated before. The presence of acetoin as an indicator of acetaldehyde 
formation has been noted in the decomposition of the sugars and glycerol by 
various species of bacteria, but in the cases of lactic and pyruvic acids this 
compound is found to be present only in small quantities or not at all. We 
must therefore look for another source for the acetaldehyde formed in the 
decomposition of glucose by B. coli. It may be suggested that this is formed 
from the first breakdown product of the hexose molecule. This may be possibly 
methylglyoxal. The action may be represented thus: 
CH,.CO.CHO + H,O > CH,.CHO + H.COOH. 

Lusk [1925] has indicated that such a reaction may occur in the breakdown of 
carbohydrate by muscle under aerobic conditions. De Graaff and Le Févre 
[1925] have however shown that no acetaldehyde is formed in the fermentation 
of methylglyoxal by organisms of the coli-typhosus group in the presence of 
bisulphite. 

The alternative primary decomposition compounds of glucose however, 
viz. dihydroxacetone and glyceraldehyde, yield acetaldehyde and carbon 
dioxide and hydrogen, as do glycol and glycerol. 

A study of the bacterial metabolism of these compounds is at present 
under investigation. 

SuMMARY. 


1. The methods of determination of pyruvic acid are discussed. 

2. A method of determination depending on the bisulphite-binding capa- 
city of pyruvic acid is described. 

3. Pyruvic acid is produced in the aerobic oxidation by B. coli of various 
substrates, if the reaction is checked by the use of fixatives for pyruvic acid. 

4, Pyruvic acid (as pyruvate) is not decarboxylated by B. colt. 

5. Evidence is brought to show that pyruvic acid is broken down by 
B. coli to a mixture of formic and acetic acids. 
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CLXIX. A COMPARISON OF THE DEHYDRO- 
GENATIONS PRODUCED BY B. COLI COMMUNIS 
IN THE PRESENCE OF OXYGEN AND 
METHYLENE BLUE. 


By ROBERT PERCIVAL COOK. 
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THE chemical changes brought about by bacteria may be studied in two ways. 
The first and more general method is to study the chemical changes in a 
medium of known composition where active growth is taking place. The second 
method is to act on a given substrate with relatively large amounts of already 
grown bacteria under conditions where growth is known not to occur. This 
method has been used by Quastel and his collaborators [1924-1928] with 
great success. The bacteria are termed “resting” or non-proliferating bacteria. 
Quastel [1928] has reviewed the method and its results. 

The interest of this work lies in the fact that using such systems we may 
study the enzymic reactions of bacteria uncomplicated by the synthetic growth 
processes. That the processes we are studying may be correlated with the 
general problem of bacterial growth appears probable from the experiments 
of Quastel, Stephenson and Whetham [1925], and Quastel and Stephenson 
[1925]. It must be pointed out, however, that with the washed bacterial 
cells we are dealing with very complex enzyme systems bound up in the 
cell. Quastel and Wooldridge [1927, 2] have shown that the enzymic changes 
brought about by the resting bacteria are due rather to the fact that 
bacteria possess the enzyme systems concerned than to the fact that they form 
organised systems. The action of various growth inhibitors on resting bacteria 
shows that while certain mechanisms can be eliminated others are left intact. 

The work to be described here consists of a study of the dehydrogenations 
produced by normal resting bacteria and bacteria that have been treated with 
various growth inhibitors. The dehydrogenations were performed in the pre- 
sence of various hydrogen acceptors. Methylene blue and oxygen were par- 
ticularly studied, as a comparison of the data gives interesting results on the 
anaerobic and aerobic oxidative processes of the bacteria. 


EXPERIMENTAL. 
The bacteria used in these experiments were grown from a strain of B. coli 
communis which was obtained from the Pathological Department, Cambridge. 
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The method by which the bacterial suspension was prepared is described in a 
paper by Cook and Stephenson [1928]. 

In general the preparation of bacteria contained approximately 0-3 g. of 
nitrogen per 100 cc. of stock suspension. Taking the nitrogen as representing 
8-3 % of the dry weight of the bacteria [Nicolle and Alilaire, 1909] this would 
represent an amount of 3-6 g. dry weight of bacteria per 100 cc. of the original 
suspension. The preparation of resting bacteria retains its activity for several 
months if kept at 0°. It was however generally used within a fortnight. The 
toluene-treated organism was prepared according to the method of Quastel 
and Wooldridge [1928]. It was found that 30 minutes’ treatment with 
toluene at room temperature was sufficient. In preparing the treated organism 
it was found best to dilute the suspension to the requisite degree before adding 
the toluene. The suspension was pipetted free of the toluene layer. The results 
obtained after toluene treatment on different days were always completely 
reproducible. The substrates used were the purest obtainable. If acids, they 
were neutralised and brought to the requisite p,, with phosphate buffer solutions. 

In the case of dehydrogenations produced by bacteria in the presence of 
methylene blue, the following solutions were placed in the vacuum tubes: 
1 cc. substrate of suitable concentration, 1 cc. of 1 in 5000 methylene blue, 
1 cc. water and 2 ce. of buffer at the requisite pq. To the tubes thus set up 
was now added 1 cc. of the bacterial suspension diluted to such a concentration 
that an easily noted reduction time could be obtained. This diluted suspension 
was kept at 0° during the course of the experiment. Immediately on adding 
the suspension the stopper was replaced and the tube evacuated for a standard 
time of 1-5 minutes. The tube was then placed in a thermostat. The time taken 
for 90 °% reduction of the methylene blue was measured. Quastel and Whetham 
[1924] have shown that the reduction of methylene blue is linear to this point. 
The oxygen uptake was measured in the Barcroft differential manometer as 
described by Cook and Stephenson [1928]. The py was always controlled at 
the end of the experiment by electrometric measurement. 

In Table I the results given for the cases where fumaric and aspartic acids, 
nitrates and chlorates are used as hydrogen acceptors are derived from the 
results of Quastel, Stephenson and Whetham [1925]. 

Table I summarises the results obtained by the dehydrogenation of the 
substrates studied in the presence of various hydrogen acceptors with B. colv. 
Series B, C and D are similar dehydrogenations carried out in the presence of 
inhibitors and will be referred to later. 

It is clear that when oxygen is used as a hydrogen acceptor with the un- 
treated organism, dehydrogenation is not the sole process involved. Carbon 
dioxide is given off. In Table II, column 1 gives the oxygen uptakes and CO, 
outputs for the oxidation of the substrates used with the normal organism 
(B. coli). Column 3 shows the amounts of oxygen and CO, corresponding to 
complete oxidation. The data for oxygen in column | are derived in part 
from the results of Cook and Stephenson [1928]. 
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Table I. 


indicates that oxidation takes place and is used to indicate the intensity of the reaction. The sign 0 indicates 


no oxidation, the dashes representing experiments not as yet carried out. 


Glucose 
Formic acid 
Acetic acid 
Lactic acid 
Succinic acid 
Fumaric acid 
Pyruvic acid 
Ethyl alcohol 
Oxalic acid 
Glycollic acid 
Malonic acid 
Alanine 
Aspartic acid 
Acetaldehyde 


Series D 
Organism + 


Series C 
Toluene-treated 


Series B 


Series A Organism + 











Normal organism 0-001 M KCN organism sodium fluoride 
= \ - > - alae 
2 2g s S Ss = Mm. Ss a = 
g z 2 Ee & 5 FS & 2 bo 
= hc} ou Pm Pa Ss ~sS Pm Se Pa 
= = = ” 4 53° 27 A 56 Xe 
ca A o o ; o = a © = 2 
-_ — — _- Ke ES p* 0 0 0 
_ — cx» _ eM x & 0 xxXxX XxX x x XX 
0 0 x oe x x 0 e 0 0 x x xXxX 
: y xx Mo x > 0 2S kxx xX x x 
0 Oo x ex's x > 0 sg KR KER mx 0 
0 0 0 x _— x x Xx 0 — § 0 0 £ 0 — 
0 —_-_ — x &X — x x — 0 Ss 0 0 = _ xX 
: —_- — _ — 0 _ 0 3 = oo 7) —- — 
0 —_-_ — _ ~= 0 -— —- B — — Z _— _ 
0 LS ie = ae es a ae = = =o = 
. ) oe es = - = — jens a 
0 ( x _ x — — _ _— _— _ 
x _-_ — _ _— 0 — — — —_— _— _— 


* In the case of the oxidation of formic acid by methylene blue in the presence of KCN Quastel and Wooldridge [1927, 2] 
used much higher concentrations of this substance to bring about the inactivation of the dehydrogenating mechanism than 
are necessary to stop the mechanism in the presence of oxygen. Concentrations of 0-001 @ KCN which effectively stop the 
oxidation of formic acid by oxygen produce an increase of about 50 % in the reduction time of the methylene blue. It 
should be noted however that the concentrations of KCN which arrest the oxidation of formic acid by methylene blue have 
not such a marked effect on the oxidation of glucose, or of succinic and lactic acids. The possible transformation of 
glucose in the presence of KCN is of great interest. There is no evidence of oxygen uptake, but it is possible that the 
glucose breaks down as it would anaerobically, despite the presence of oxygen. The products so formed could then 
undergo oxidation, despite the presence of KCN. This possibility is at present under investigation. 


The determination of carbon dioxide. The procedure used for the determina- 
tion of the amount of CO, formed in these experiments is in general principle 
the same as that used for the determination of the amount of oxygen used 
in the oxidation of a given substrate [see Cook and Stephenson, 1928]. The 
experiments were carried out in the Barcroft differential manometer using 
flat-bottomed cups. The cups were set up as follows. 


Left-hand cup 1. 


Right-hand cup 2. 


1 cc. buffer (py 6-0); 1 cc. bacterial suspension. 
1 cc. substrate solution of suitable concentration. 
No alkali was placed in the inner cup. 


This was set up in the same manner but alkali was 
placed in the small inner cup. 


40 % KOH may be used but it has been found that better removal of the CO, 


takes place if a small roll of filter paper saturated with 5 


0/ 
/0 


KOH is placed in 


the inner cup [Dixon and Elliott, 1930]. The experiments were carried out at 
40°, at which temperature and at the py, used the correction for the solu- 


bility 


of the CO, is negligible. 


It will be seen that in such an experiment any oxygen uptake due to the 
substrate itself will be balanced in each cup. In cup 2 the total CO, will be 
removed by the KOH while the movement in the manometer will represent 


the CO, output due to the bacteria and the substrate; a control experiment is 
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therefore necessary to determine the CO, output due to the bacteria alone. 
This is made in a similar manner to the first experiment. 


ates : . 
Cup 1. 1 ce. buffer (py 6-0); 1 cc. bacterial suspension; 1 cc. water. 
No KOH is placed in the inner cup. 
a Cup 2. The same but KOH is placed in the inner cup. 
Y The movement of the manometer represents the CO, output due to the bacteria. 
_ From the total output obtained in the first experiment the amount of CO, 
| corresponding to the bacteria used (from the second experiment) is subtracted. 
The result gives the CO, output corresponding to the change of the substrate 
e alone. 
x The amounts of CO, given out as indicated in Table II show that for 
formate alone does the process correspond to complete oxidation. For the 
x oxidation of lactate and pyruvate, while the amount of oxygen taken up by 
the pyruvate corresponds to one atom of oxygen less than that used in the 
oxidation of lactate, the amounts of CO, given out are approximately the 
same. This perhaps indicates that all the lactate passes through pyruvate, this 
; latter then being oxidised. 
1, 2] Table II. 
han 
= The figures given here represent centimols of gas respired. These values have been calculated 
P from the vol. of dry gas at N.T.P. respired for 1 cc. of M/100 solution of substrate and are the 
1 of mean of several experiments. The sign 0 represents no appreciable oxidation, while the dashes 
bea represent experiments which are variable or uncertain and await confirmation. 
3 
2 Theoretical amounts of 
1 Toluene-treated gases corresponding to 
Normal organism organism complete oxidation 
1 ce. of M/100 02 co, O, Co, 0, co, 
Glucose 3°86 — 0 0 6 6 
Lactic acid 1-96 1-87 0-38 0 3 3 
Pyruvic acid 1-52 1-85 0 0 2-5 3 
Formic acid 0-50 0-97 0-49 0-98 0-5 1 
Acetic acid 1-50 1-45 0 0 2 2 
Succinie acid 2-40 + 0-41 0 3-5 4 
Fumaric acid 1-90 ~- 0 0 3 4 


Toluene-treated organism. Quastel and Wooldridge [1927, 1] observed the 
interesting fact that, if the resting organism be treated with toluene for a short 
time and be then removed from the toluene layer, certain dehydrogenations 
are completely and irreversibly eliminated. The mechanisms effecting the de- 
hydrogenations of formic, lactic and succinic acids are left completely intact. 
The oxygen-activating mechanism of the cell is also left intact by toluene 
treatment so that atmospheric oxygen may be used as a hydrogen acceptor. 

It will be seen from Table II that with the toluene-treated organism we 
appear to be considering only those oxidations which are due to dehydro- 
genases. Thus the organism has no oxygen uptake in the presence of pyruvate 
or fumarate. The oxygen uptake with formate corresponds to complete oxida- 
tion, while that with lactate and succinate, though not as close to the theoret- 
ical value for oxidation to pyruvate and fumarate respectively, approximates 
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to it. It will be seen also that only for formate is there a CO, output, this 
corresponding approximately to the theoretical value. The toluene-treated 
organism has itself no appreciable oxygen uptake nor does it reduce methy- 
lene blue in the absence of substrate. This treated organism forms a very 
convenient material for the study of these three very important dehydro- 
genases. The behaviour of the enzymes may be studied in situ. All possibility 
of growth can be ruled out entirely. For other effects which can only be 
observed when using the toluene-treated organism see Quastel and Wooldridge 
[1928]. 
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Fig. 1. The oxidation of M/300 lactate by atmospheric oxygen at py 6-3 and 40° with the normal 
untreated organism in the presence and absence of oxalate. Oxalate concentration M/50. 


Fig. 2. The oxidation of M/150 formate and M/150 lactate by atmospheric oxygen at pq 6-3 
and 40° with the toluene-treated organism in the presence and absence of oxalate. Oxalate 
concentration M/75. 
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Fig. 3. The oxidation of M/150 lactate and M/150 succinate by atmospheric oxygen at py 6-3 
and 40° with the toluene-treated organism in the presence and absence of malonate. Malonate 
concentration M/75. 

Fig. 1 represents the results obtained in the oxidation of lactate by the 
normal organism in the presence and absence of oxalate. Fig. 2 shows the 


oxidation of formate and lactate by the toluene-treated organism in presence | 
and absence of oxalate; Fig. 3 represents a similar experiment on the oxidation ; 


of lactate and succinate in presence and absence of malonate. 
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Effect of temperature on the dehydrogenations in the presence of oxygen 
and methylene blue. 


Having thus a material in which the dehydrogenase activities were alone 
evident, it was suggested by Professor J. B. 8S. Haldane that a comparison of 
the velocities of the dehydrogenations produced in the presence of methylene 
blue and oxygen would yield some results of interest, and that a study of the 
effect of temperature on the dehydrogenations produced would constitute a 
good method of attack on the relationship between these two processes. Pre- 
liminary experiments were carried out to determine the most suitable p, at 
which to carry out this work. It was found that the optimum oxidation of 
formate was obtained at py 6-3, of lactate at py 7-4, and of succinate at py, 7-6. 
A more complete study of the py curves of these dehydrogenations in the 
presence of oxygen and methylene blue is at present under hand. The experi- 
ments with methylene blue were carried out with the same buffer solutions, 
and as often as possible the experiments were carried out on the same speci- 
mens of toluene-treated organism in the same thermostat. Owing to technical 
difficulties at temperatures above 45° the velocities for oxygen uptake could 
not be determined with any degree of accuracy, but it appears that there is 
no further increase in velocity. In the case of the experiments with oxygen 
it was important that the initial velocities of oxidation should be measured. 
For this purpose the method used by Keilin [1929] was adopted. The left-hand 
Barcroft cup was set up as before, the right-hand cup had added buffer, water, 
and bacterial suspension. The substrate was placed in a small tube which could 
be hooked on to the side of the potash tube by means of a platinum wire. The 
apparatus was placed in the thermostat and shaken for 10 minutes, the taps 
were then closed and the reading taken. The tube containing the reagent was 
then dropped off and the readings taken every 15 minutes. Table IIT gives the 
oxygen uptakes for the consecutive 15 minute readings for formate, lactate and 
succinate at various temperatures. 


Table III. 


O, uptake (mm.°*) at the end of 





Temperature Donator 15 mins. 30 mins. 45 mins. 60 mins. 
14° Formate 1/150 12-7 58 101-7 141-8 
14-4° Lactate M/60 5-4 11-75 16-55 21-55 
15-6° Succinate M/60 12-6 23 33-8 44-2 
23° Formate 55°8 145-5 192-4 210-1 
25° Lactate 11:3 21-2 29-8 39-05 

Succinate 21-8 49-9 75:3 97-2 
28-5° Formate 79 169-1 223-2 — 
30° Lactate 17-5 38-2 56-6 75-2 

Succinate 40-4 71-7 95-2 115-5 
38° Formate 90 173 192 198 
40° Lactate 25-1 47 = — 

Succinate 51-1 85-4 112-4 136-2 
45° Formate 44-5 170-5 206-3 213-3 

Lactate 27-9 45-7 62 77 


102-1 137-5 


a 
=_ 


Succinate 
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The velocities were calculated in terms of millimols of substrate oxidised 
per hour. It is convenient to have a simple formula so that the velocity of 
oxidation of any donator for a standard enzyme concentration may be calcu- 
lated. 

Oxygen uptake. Taking B as the oxygen uptake in mm.’, in 7’ minutes in 
the presence of a bacterial suspension that has been made up to V cc., the 
rate of oxidation for the undiluted enzyme preparation may be expressed as 


Bx 60 x J 


11-2 x 1000 x7 millimols per hour. 


Methylene blue reduction. 


The mol. wt. of methylene blue (see below) has been taken as 325. The 
concentration adopted throughout these experiments was 1 in 5000. The 
reduction was usually taken to 90 %. The velocity of oxidation of the sub- 
strate may be expressed thus, where D represents the degree of reduction 
of the methylene blue: 

D x 60 x 0-2 x 1000 x V DV 
325 x T x 1000 OF 97-08 xT" 

The figure taken for the mol. wt. of methylene blue may be criticised on the 
ground that samples of methylene blue vary quite considerably in their purity. 
The sample used here was the purest obtainable from British Drug Houses. 
Clark [1928] has dealt with the subject of the purity of methylene blue. It will 
be seen however, that a calculation of the velocities on the assumption that the 
apparent gram-molecular weight was 400 or that the sample contained a fair 
percentage of impurity would not appreciably affect the position of the re- 
duction curve on the logarithmic scale. In fact a closer correspondence 
between the velocity curves for oxygen and methylene blue at the lower 
temperatures would be obtained. 

Table IV gives the oxygen uptakes for the initial 30 minutes and reduction 
times of methylene blue in the presence of a constant enzyme concentration for 
formic dehydrogenation at py 6-3. 


Table IV. 


Oxidation of M/150 formate at py, 6-3. 


O, mm.3 Time for complete reduction 
(dry at N.T.P.) of 1 cc. of 1/5000 M.B. 
Temperature for initial 30 mins. (mins.) 
0° — 53-5 
7 21-3 26 


14-75 
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The bacterial suspension in the case of oxygen experiments represents a 
dilution of 1 in 12 and for the methylene blue of 1 in 40. 

The reduction of methylene blue was taken in this case to completion. With 
the oxidation of formate by methylene blue the reduction times are so short 
that complete reduction is easily noted even at low temperatures. 

The results given in the tables represent the mean of four experiments. 
Experiments conducted with another strain of B.coli obtained from the National 
Collection of Type Cultures gave similar results. 

Table V gives the results for the oxidation of M/60 lactate and Table VI for 
the oxidation of M/60 succinate. 

Figs. 4, 5 and 6 represent the results obtained by plotting the velocities of 
the oxidations against the reciprocals of the absolute temperatures of the 






































experiments. 


Table V. 


Oxidation of M/60 lactate at py 7-4. Bacterial suspension diluted in oxygen experiments 1/12 


and for methylene blue experiments 1/20. 
Time for 90 % reduction 


Temperature O, mm.* per 30 mins. of M.B. (mins.) 
14-4° 11-15 — 
15-2° -— 39-3 
25° 21-2 16-3 
30° 38-2 10-75 
35° = 7-75 
40° 47 4-8 
45° 45-7 4-0 
Table VI. 


Oxidation of M/60 succinate at py, 7-6. Bacterial suspension diluted as for lactate oxidation. 


Time for 90 % reduction 


Temperature O, mm.? per 30 mins. of M.B. (mins.) 
15-6° 23 
25° 49-9 
30° 71-7 
40° 85-4 
45° 102-1 
50° — 


v0 — 





As will be seen from Figs. 4, 5 and 6 the log. of the velocity of reduction of 
methylene blue by formate, lactate and succinate is a nearly linear function of 
the reciprocal of the absolute temperature until enzyme destruction occurs at 
temperatures above 55°. In the case of oxygen it will be noted that the velocity 
of its reduction does not increase when a certain temperature is exceeded in the 
cases of formate and lactate. In other words the rate of oxygen reduction is 
now the limiting factor. Succinate oxidation by oxygen is accelerated by in- 
crease of temperature, but not in a proportional amount to methylene blue 
reduction. The oxidation of succinate is interesting in that there is such a 
considerable difference in the velocities at low temperatures between oxygen 
and methylene blue. A similar result was obtained for muscle succinoxidase 
by Fleisch [1924]. It appears that in this case there is some considerable 
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difference between the mechanisms of oxygen and methylene blue activations. 
This subject is at present under investigation. 
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Fig. 4. The oxidation of M/150 formate at Py 6-3 by equivalent amounts of toluene-treated 
organism in the presence of methylene blue and oxygen at various temperatures. 
Ordinate: log. velocity, the velocity being expressed in millimols of formic acid oxidised 
per hour. 
Abscissa: reciprocal of absolute temperature. 
Fig. 5. The oxidation of M/60 lactate at py 7-4. 
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Fig. 6. The oxidation of M/60 succinate at py 7-6. 
Ordinate and abscissa as in Figs. 4 and 5. 

It may be argued that at higher temperatures enzyme destruction was taking 
place, thus accounting for the limiting velocity. There is however no consider- 
able falling off in velocity. In Table III the oxygen uptakes for the consecutive 
15 minute readings at different temperatures are given. In the case of succi- 
nate there appears to be some difference in the initial 15 minutes reading for the 
experiments at 30°, 40°, and 45°. No satisfactory explanation can be offered 
for this phenomenon. It is probable that the oxygen-activating mechanism 


de 


in the case of succinate is rather more complex than for the cases of formate and 
lactate. 

To test the possibility of enzyme destruction at 45° a bacterial suspension 
was exposed to this temperature with continuous aeration for 2 hours. Experi- ( 
ments were then carried out on the oxygen uptake and methylene blue reduc- 
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tion for formate and lactate dehydrogenations. A very slight decrease in 
velocity was noted for the two cases. 

As shown in Fig. 2 the mechanism causing the dehydrogenation of lactic acid 
may be competed for by oxalic acid in the presence of oxygen. It was thought 
of interest to study the effect of increasing concentrations of oxalate on the 
velocity of oxidation of lactate by methylene blue and oxygen at a temperature 
at which the activation of oxygen was the limiting factor. Fig. 7 shows the results 
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Fig. 7. The oxidation of M/60 lactate at p,, 7-4 and 40° by equivalent amounts of toluene-treated 
organism in the presence of oxygen and methylene blue with increasing concentrations of 


oxalate. 
Ordinate: velocity. Abscissa: log. molar oxalate concentration. 
Upper curve: methylene blue reduction. Lower curve: oxygen reduction. 


obtained. It will be seen that for the case of methylene blue an adsorption 
curve of the Michaelis type is obtained. For oxygen there is at first no effect, 
oxygen being the limiting factor; after the concentration of oxalate has reached 
a certain value the oxalate competes for the lactic dehydrogenase enzyme. This 
limiting factor for the oxygen is of great interest and it was thought that diffusion 
of oxygen might be the cause. Experiments conducted in pure oxygen show, 
however, no appreciable increase in velocity. 


Table VII. 


O, uptake (mm.®*) in pure O, at the end of 


ames . 


Temperature Donator 15 mins. 30 mins. 45 mins. 60 mins. 
16° M/60 lactate 9 13-1 15-9 20 
{ M/60 succinate 11-35 21-65 31-25 39-05 
36° Lactate 25-7 48-4 61-9 ~ 


Succinate 31-9 56-5 17-3 ~- 
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Table VII gives the results obtained in pure oxygen at two temperatures 
with the oxidation of 1/60 lactate and M/60 succinate. 

These figures may be compared with those in Table III in which the atmo- 
spheric oxygen uptake was measured. The concentration of bacterial suspension 
was the same in the two instances. Experiments on the oxidation of the three 
substrates in low tensions of oxygen (4-5 %) at low and high temperatures gave 
identical results with the air controls. 

As has been pointed out the toluene-treated organism was particularly 
studied, as those oxidations which are due to the dehydrogenases were alone 
evident. If the untreated organism was used in the oxidation of lactate and 
succinate, after dehydrogenation the pyruvate and fumarate formed would be 
broken down further, these reactions being accelerated by increase in tempera- 
ture so that no data of any significance could be obtained. Table II shows that 
with the untreated organism and formate there is evidence of complete dehy- 
drogenation. Experiments were carried out on the oxidation of formate by 
the untreated organism in the presence of oxygen. The results are expressed 
graphically in Fig. 8. It will be seen that the velocity of oxidation of formate is 
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Fig. 8. The oxidation of M/150 formate at py 6-0 by equivalent amounts of the normal and 
toluene-treated organism in the presence of atmospheric oxygen at various temperatures. 
Ordinate and abscissa as for Fig. 4. 


Fig. 9. The oxidation of M/120 lactate and formate at py 7-4 and 40°, and the oxidation of the 
combined substrates. The curve shown in dotted line represents the theoretical curve ob- 
tained on summating the values for the first two curves. 

Ordinate and abscissa as for Figs. 1 and 2. 

slightly increased with toluene treatment of the organism. The difference 

however is not great and may possibly be concerned with differences in cell 

permeability after toluene treatment. It will also be seen that the effect of 

increase of temperature in the two cases is the same. There appears to be also a 

limiting factor for oxygen reduction with the normal organism. This experiment 

clearly indicates that toluene treatment of the organism does not damage the 
oxidase mechanism. 

It was thought of interest to see if the dehydrogenases present were specific 
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in their action. With this object experiments were conducted on the oxida- 
tion of formate and lactate alone at py 7-4 and 40° and on a mixture of these 
two substrates in quantities the sums of those used in the former experiments. 
Fig. 9 shows the results obtained. It will be seen that the curve obtained is 
approximately identical with the theoretical curve obtained by adding the 
values obtained for the separate substrates. The slightly lower value obtained 
for the experimental curve is interesting in that an equilibrium may be attained 
between the pyruvic acid formed from the lactic acid and the hydrogen formed 
from the formic acid. 

At the present stage it is not possible to attempt an interpretation of the 
above results. It is evident that the oxidase system must be of considerable 
complexity. The reactions of the above system to carbon monoxide and HCN 
which are at present under investigation with Professor J. B.S. Haldane and 
Mr L.W. Mapson indicate a complexity of respiratory enzymes. It is interest- 
ing to note that Hartridge and Roughton [1925] found that the rate of 
combination of haemoglobin with oxygen has no temperature coefficient. The 
Blackman effect in photosynthesis is also of a similar nature to the system 
studied here. 


SUMMARY. 


A comparison has been made of the oxidation of various substrates in the 
presence of oxygen and methylene blue and other hydrogen acceptors by sus- 
pensions of normal and toluene-treated B. colt. 

The toluene-treated organism is of importance as the oxidations which are 
due to the formic, lactic and succinic dehydrogenases may be studied apart from 
other secondary oxidative processes which are eliminated by toluene treatment. 
The oxygen-activating mechanism appears to be unaffected by toluene 
treatment. 

A study of the effect of temperature on the dehydrogenations produced by 
the toluene-treated organism showed that for formate and lactate the velocities 
of oxidation by methylene blue and oxygen for the lower temperatures were 
nearly equal. Above a certain temperature the velocity of oxygen reduction 
did not increase. 

In the dehydrogenation of succinate there is considerable difference be- 
tween the velocities of oxidation by oxygen and methylene blue. In this case 
a limiting temperature for the oxygen reduction is not so readily attained. 

The “competitive” action of oxalate and malonate for the lactic and succinic 
dehydrogenase mechanisms respectively is demonstrated for the oxygen ac- 
ceptor system. 


It is with much pleasure that I express my thanks to Professor J. B. S. 
Haldane for many valuable suggestions. My thanks are also due to Sir Frederick 
Hopkins for encouragement and advice. 
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CLXX. OXIDATION-REDUCTION POTENTIALS 
OF PNEUMOCOCCUS CULTURES. I. 


By LESLIE FRANK HEWITT. 
From the Belmont Laboratories (L.C.C.), Sutton, Surrey. 


(Received September Ist, 1930.) 


THE oxidation-reduction potentials established in cultures during the growth of 
various bacteria under different conditions have been described in previous 
communications. By extending these studies to other bacteria it is hoped to 
reveal the general effects of cultural conditions and the individual differences 
between different organisms. 

Serum proteins have an inhibiting effect on the establishment of reducing 
conditions with each organism studied. The presence of glucose has the same 
general effect in each case but with individual differences. In aerobic broth 
cultures haemolytic streptococci [ Hewitt, 1930, 1] may be sharply differentiated 
from C. diphtheriae [1930, 2] and staphylococci [1930, 3] by the rise in potential 
with the first named organisms after the logarithmic phase of growth. With the 
two latter organisms the potential remains at a low level long after the cessation 
of active proliferation. A similar difference is observed in aerated broth cul- 
tures. With streptococci the potential falls very much less when the cultures are 
aerated and, after the logarithmic phase of growth, the potential rises rapidly 
until the high level corresponding to peroxide formation is reached. In the case 
of diphtheria and staphylococcal cultures aeration has relatively little effect on 
the level of reduction potential reached, and the potential after the logarithmic 
phase of multiplication does not rise to a high oxidising level. Since peroxide 
formation occurs in streptococcal cultures but not in diphtheria or staphylo- 
coccal cultures, it is possible that the general character of the potential-time 
curves may be due to the ability or inability on the part of the organisms to 
form peroxide. Since the pneumococcus is a peroxide-forming organism it 
should behave similarly to the streptococcus and differently from C. diphtheriae 
and Staphylococcus aureus. 

METHODS. 


The general methods and apparatus are the same as those previously de- 
scribed [Hewitt, 1930, 1]. 8 cc. of culture medium were used in each case and 
the inoculum consisted of 0-1 cc. of a 24-hour broth culture of Pneumococcus 
Type II. The oxidation-reduction potentials developed in the cultures were 
followed from the time of inoculation throughout the life-cycle of the cultures. 
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RESULTS. 


Peptone infusion broth (Fig. 1). In horse-flesh infusion broth containing 
2% of Difco proteose peptone the potential of pneumococcus cultures fell 
fairly rapidly, reaching a minimum value of Ey — 0-16 v. in 11 hours (in the 
unheated medium). Immediately after this fall in potential, which occurred 
during the phase of logarithmic multiplication, the potential began to rise. In 
the next 24 hours the potential had risen 0-18 v. These results are very similar 
to these obtained with haemolytic streptococci [1930, 1] but entirely different 
from those with diphtheria bacilli [1930, 2] and staphylococci [1930, 3]. 


Aerated 
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Fig. 1. Pneumococcus Type II. Infusion broth cultures. 


Freshly heated broth (Fig. 1). Broth was immersed in a boiling water-bath 
for 30 minutes and cooled immediately before inoculation, and in this freshly 
heated broth the potential of cultures fell much more rapidly than in unheated 
stock medium. This phenomenon was observed with haemolytic streptococci 
and staphylococci but not with diphtheria. 

Aerated cultures (Fig. 1). Vigorous aeration of cultures was effected in three- 
limbed cells of the type described previously. The cultures were moved up and 
down the tubes at the rate of twelve cycles a minute. Growth was poor and the 
potential of aerated cultures showed practically no fall (Ey of the medium at 
beginning of experiment + 0-349 v.; minimum value reached after 4 hours, 

0-337 v.). After 4-5 hours’ incubation the potential increased and reached 
Ey + 0-42 in 10 hours. This level of potential, which corresponds to peroxide 
formation, is reached by streptococcal cultures but not by staphylococci or 
diphtheria. The extremely slight fall in potential is characteristic of pneumo- 
cocci and has not, so far, been observed with other organisms in plain broth 
cultures. 

Tryptic digest broth (Fig. 2). In Douglas’s tryptic digest medium the poten- 
tial did not fall below Ey — 0-015 v. as compared with the minimum value of 

0-165 v. in infusion broth. This effect, which varies with different samples of 
digest medium, is seen to a greater or less extent with other organisms, but is 
very well marked in the case of pneumococci. 

Serum broth (Fig. 3). The potential in infusion broth to which an equal 
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volume of horse blood-serum had been added did not fall to the low level 
reached in plain broth. This oxygen-carrying effect of serum has been observed 
with the other organisms studied and appears to be a general phenomenon, 
although different samples of serum differ in their quantitative effect on the 
potentials reached. 
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Fig. 2. Pneumococcus cultures. Fig. 3. Aerobic Pneumococcus 
(Aerobic in unheated broth.) cultures. 


Glucose broth (Fig. 4). Potential-time curves of closely similar general form 
are obtained in 1 % glucose broth-cultures of each of the four organisms which 
have been studied. The potential in 1 % glucose broth-culture of pneumococci 
falls rapidly for some 5 hours, then after a short period of rapid increase in 
potential, there is a slight fall followed by a gradual rise. The distinctive feature 
in the behaviour of pneumococci is that the potential falls to practically the 
same level in 1 % glucose broth as in plain broth whilst with other organisms 
there is, in general, rather less fall in glucose broth. The discontinuous line in 
the figure shows the effect of aerating a glucose broth-culture after some 3 hours’ 
incubation. The potential immediately rises fairly rapidly but afterwards shows 
a gradual fall. 
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Fig. 4. 1% glucose-broth Pneumococcus cultures. Fig. 5. Pneumococcus cultures 
(Freshly heated medium.) in 1 % lactate broth. 





Lactate broth (Fig. 5). In infusion broth-cultures containing 1 % of sodium 
lactate the potential shows a delayed fall compared with plain broth-cultures 
but the same low level of potential is reached. Aeration of cultures after 
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several hours’ growth (discontinuous line in Fig. 5) results in fairly rapid 
increase in potential and the level corresponding to peroxide formation is 
reached after 24 hours’ incubation. This, again, illustrates the rapid production 
of peroxide by pneumococci. 


DIscussIoNn. 


Pneumococci resemble haemolytic streptococci in several important parti- 
culars. The potential of cultures begins to rise directly after the logarithmic 
phase of proliferation; aeration has a very marked effect on the minimum (2.e. 
most negative) value of potential reached; and the high oxidising level of 
potential (Ey + 0-4 to 0-5) corresponding to peroxide formation is reached in 
aerated cultures of each organism. In every one of these particulars diphtheria 
bacilli and staphylococci behave differently. The difference in behaviour of 
aerated cultures is shown in Fig. 6. Whereas with streptococci and pneumo- 
cocci the potential in aerated cultures falls relatively little and rises rapidly to 
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Fig. 6. Aerated broth-cultures. 


a high level, with diphtheria and staphylococci the potential falls to a low level 
and rises relatively little. It seems possible that the property differentiating 
the two classes of organisms is that of peroxide formation. This suggests that 
the possession or non-possession of catalase may be a determining factor in the 
establishment of oxidation-reduction conditions of bacterial cultures. Pneumo- 
cocci are less readily able to maintain reducing conditions than haemolytic 
streptococci, which, in turn are far inferior to staphylococci and diphtheria 
bacilli in the maintenance of reduction effects particularly in aerated cultures. 

In general, the effects of cultural conditions on the potentials in pneumo- 
coccal cultures are similar to those observed with other organisms. The poten- 
tial falls more rapidly in cultures in freshly heated broth, as with streptococci 
and staphylococci, but not with diphtheria bacilli. Tryptic digest broth in- 
hibits to some extent the establishment of reducing conditions. The oxygen- 
carrying effect of serum also appears to be a general phenomenon. With each 
organism studied the potential falls less in broth to which blood-serum has 
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been added, but the quantitative effect seems to vary with different samples 
of serum. In aerobic glucose-broth cultures the typical curve is obtained, 
consisting of an initial fall in potential, followed by a sharp temporary rise, a 
further slight fall and finally a gradual rise. The minimum values of potential 
reached in 1 % glucose broth-cultures, aerated plain broth-cultures and ordinary 
aerobic broth-cultures are as follows. 





Table I. 
Minimum potentials (E,) reached in cultures 
co — 
1 % glucose Aerated plain Aerobic plain 
Organism broth broth broth 
Pneumococcus IT — 0-155 v. +0-335 v. — 0-160 v. 
Haemolytic streptococci — 0-120 ,, +0-100 ,, —0-170 ,, 
Staphylococcus aureus — 0-085 ,, — 0-050 ,, —0-195 ,, 
C. diphtheriae — 0-045 ,, —0-150 ,, — 0-205 ,, 


It will be noticed that there is little difference between the minimum 
potentials reached in ordinary aerobic plain broth-cultures, and a much greater 
difference in aerated plain broth-cultures, but the relative order is the same in 
each case, diphtheria being the most potent reducer and pneumococcus the 
least reducing. In 1 % glucose broth however exactly the reverse is the case, 
the most intense reducing conditions being established in pneumococcal cul- 
tures. The question arises whether the opposite effects of the presence of glucose 
on the one hand, and of aeration on the other, are essential or accidental. 
tlucose is a reducing substance whilst aeration may be regarded as exposure to 
a mild oxidising action. It is possible therefore that the differences revealed in 
Table I may be due to the ease with which staphylococci and diphtheria bacilli 
maintain reducing conditions when an abundant oxygen supply is available. 
The presence of oxygen, oxidising substances, etc., is necessary for profuse 
growth and the establishment of intense reducing conditions in cultures of these 
organisms. With pneumococci, however, at the other end of the scale, reducing 
conditions cannot be maintained when the oxygen supply is abundant, and the 
presence of potential reducing substance such as glucose may assist in the 
establishment of reducing conditions. 

The study of oxidation-reduction potentialsin bacterial cultures is beginning 
to reveal characteristic differences in the behaviour of different organisms and 
to indicate general phenomena and special effects in the influence of different 
culture media on the oxidation-reduction conditions of cultures. 

It should be mentioned that the effect of py on the potential-time curves 
obtained may be neglected. The variations in py, have relatively little effect in 
comparison with the influence of other factors on the potential. Attempts to 
correct the potentials for changes in py, are fallacious and give a false impres- 
sion of accurate correction where none is possible. To correct Ey values for py 
variations it is necessary to have an accurate knowledge of the actual oxidation- 
reduction system studied, and of the dissociation constants of reactants of the 
system, and of their range of effect. In the case of bacterial cultures none of 
98—2 
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these factors is known, and, moreover, it is probable that the direct effect of py 
on the potential is subsidiary to the indirect effect of py, variations, which will 
affect the behaviour of the organisms. Repetition and control experiments 
reveal the insignificance of experimental errors in the phenomena considered. 
The differences between different organisms and different cultural conditions 
far outweigh other variations. 


SUMMARY. 


1. The oxidation-reduction potential-time curves obtained with pneumo- 
coccal cultures are generally similar to those obtained with haemolytic strep- 
tococci, but differ from those obtained with diphtheria bacilli and staphylococci. 

2. Peroxide is formed readily by pneumococci, which are not able easily to 
maintain intense reducing conditions in the presence of an abundant oxygen 
supply. 

3. The general effects of different culture media, e.g. infusion, digest, serum 
and glucose broth, have been observed with pneumococcal cultures. 


The author is indebted to Dr R. G. White and Dr E. W. Todd for their 


continued help and encouragement. 


REFERENCES. 


Hewitt (1930, 1). Biochem. J. 24, 572. 
(1930, 2). Biochem. J. 24, 669. 
—— (1930, 3). Biochem. J. 24, 676. 



















PSE 











CLXXI. A CELL FOR THE MEASUREMENT OF 
THE SPECIFIC CONDUCTIVITY OF THE 
BLOOD-SERUM. 


By WILLIAM ROSS ASHBY. 
From the Leavesden Mental Hospital, Abbot’s Langley, Herts. 


(Received September Ist, 1930.) 


INTRODUCTION. 


Durine work at Bethlem Royal Hospital, it became necessary to measure 
the specific conductivities of the blood-sera of various patients. It was found 
that the existing types of cells were not suitable for this particular work, and 
a new cell of rather unusual type was therefore worked out. As it was found 
to give excellent results, it has been described here. 

The conductivity was measured by using the Wheatstone bridge method, 
with induction coil and telephone. 

In using the ordinary Kohlrausch cells it was found at once that they gave 
very poor results with serum owing to the fact that they are usually used with 
very dilute solutions, with correspondingly high resistances. With such solutions 
they worked well and gave a sharp “silent point” on the bridge wire, but with 
serum they gave a very broad silent point, extending over as much as 10-20 cm. 
The reason for this lies in the fact that to get a sharp silent point it is necessary 
to have (1) large electrodes and (2) a high resistance; for the purpose in hand 
the volume of fluid required must be small. 

It was found possible to achieve all three requirements by constructing 
a cell with two large flat electrodes close together and then inserting between 
them an insulating plate with a small hole in the middle; by this means the 
resistance of the cell may easily be increased a thousand times. Such a cell is 
difficult to clean, so it should be capable of being taken to pieces, cleaned, and 
reassembled without disturbing the original dimensions. 


DESCRIPTION. 


The cell is constructed on an arbitrary plan, and allowance is made for 
individual peculiarities by standardising it afterwards with a known solution. 

Three stout microscope slides, 3’’ x 1’, are selected so that all three are of 
exactly the same width. Two of these are taken and cut down to 2” x 1”. To 
each is cemented with Canada balsam a flat gold plate (the thickness prohibits 
platinum) measuring 1?”, leaving an overlap at one end of }’’; this overlap is 
bent back before sealing so that the connecting wires may be clipped on to it. 
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(See A and B of the diagram.) The gold plate used was of the type used by den- 
tists for dentures and was rolled flat. Pressure must not be used during the 
drying as the balsam has a strong tendency to 
run in or out when the pressure is released. The 
third glass slide is now taken, marked “B” 
(bottom) at one end, and a hole about 1 mm. 
in diameter is drilled through exactly 1” from 
this end. This forms the central plate. It must 
always be used the same way up. Finally a 
fourth slide is chosen, of exactly the same 
width as the others, and 1-0 mm. in thickness. 
It is cut into six pieces, two of }#” x 1’ (C and 
D in the diagram), and four of 3%" » }” (EZ, F, 
G, and H). One of the large pieces and two of 
the small are then marked with a diamond so 
that they may always be used together. These 
space the electrodes from the central plate. 
A clip to hold the cell securely together is 
made by cutting out a cross of tin, and bending Diagram of the cell. It is not 
drawn to scale, and in order to 
up the four arms so that two press at the flat —_ show the component parts more 
sides of the cell and two at the edges. a side pieces have been 
The cell is now assembled by sealing it with 
the minimal quantity of melted vaselin. Finally vaselin is run along the 
edges of the three slides, and two slides are pressed against them, thus sealing 
up the cell. It must now be held firmly and pressed down into the clip. 
1-0 ce. of serum is run in on one side. The serum runs through the hole and 
fills the other side. It is tilted about to wet both plates and is allowed to settle 
level; this amount of serum will extend just as far above the hole as 
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below it. 

Cleaning. At the end of the day the cell should be taken down and cleaned, 
particularly care being taken to keep the electrodes and the central hole free 
from vaselin. In changing the serum, however, it may be cleaned thus: (1) 
wash out with normal saline several times, using a capillary pipette with teat; 
(2) wash out thoroughly with distilled water; (3) wash out with acetone; 
(4) dry by blowing in air from a foot pump using a fine glass tube. Alcohol and 
ether must not be used for drying. Adequate cleaning is essential. 

The accuracy of the cell. This was tested directly in the following manner. 
About 10 cc. of serum was obtained and well mixed. The specific conductivity 
of this serum was then measured six times in succession, the cell being emptied, 
cleaned, and refilled between each measurement. The readings of the different 
samples of the serum were corrected for temperature (see below), and the 
variations between them were noted. It was found that the coefficient of 
variation of the six determinations was 0-53 °% of the mean specific conductivity. 
This means, in the crude but current phraseology, that it has an accuracy of 
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“about 1 in 200”. Throughout the work ten readings of the silent point were 
made, and their mean was taken as the reading for that specimen. 

Standardisation. Dissolve 0-744 g. of pure potassium chloride in recently 
boiled distilled water and make up to 100 cc. Put 1 cc. in the cell. Stand the 
cell in a basin of water, set up the circuit and allow the temperature to settle. 
Read the temperature and measure the resistance of the cell in the usual man- 
ner. Call the resistance of the cell R ohms, and the temperature ¢°. If n ohms~! 
be the specific conductivity of KCl at ¢°, and if 1 cc. of an unknown solution in 
that cell has a resistance of r ohms-!, its specific conductivity will be = ohms-!. 

Correction for temperature. The necessity for correction may be avoided by 
using a thermostat, but unless the thermostat is of high quality, greater accuracy 
with less expense may be obtained by keeping the cell in a basin of water and 
reading the temperature. On measuring the effect of temperature for this 
work, I found that the conductivity over a range of a few degrees from 18° 
is almost exactly a linear function of the temperature, a rise in temperature of 
1° increasing the conductivity of the serum by 1-69 x 10-4 ohms-}. To correct 
for temperature, therefore, add (algebraically) 1-69 (18° — ¢°) x 10-4 to the 
uncorrected specific conductivity. This coefficient (1-69 x 10-4) is not the same 
as that for KCl. 

Polarisation. This may be avoided by assembling the Wheatstone bridge 
circuit with the induction coil joined to each of the bridge wires so that only a 
small fraction of the current will go through the cell (if the cell has a high, and 
the bridge wire a low, resistance). 

Loss of CO, to the air. Serum was tested to see if the loss of CO, into the 
air made any difference to the conductivity. No significant difference could be 
detected. 

SUMMARY. 

1. A cell is described for the measurement of the specific conductivity of 
blood-serum, which combines large electrodes, with a high resistance, and only 
needs 1 cc. of serum. 

2. Instructions for making, cleaning and standardising it are given. 

3. It is found to have a coefficient of variation of 0-53 %, and to be free 
from polarisation effects. 

4. The temperature coefficient of the specific conductivity of serum is given. 


My thanks are due to Dr C. Lovell for his personal encouragement and help, 
and to Dr J. G. Porter Phillips and the Governors of Bethlem Royal Hospital 
for permission to work in their laboratory. 














CLXXII. IRRADIATED ERGOSTEROL AND 
CALCIUM-FREE DIET: EFFECT ON CALCIUM 
AND PHOSPHORUS METABOLISM. 


By ELSIE WATCHORN. 


From the Biochemical and the Nutritional Laboratories, Cambridge. 
(Received September Ist, 1930.) 


BRowN AND SHOHL [1930] and Watchorn [1930] have shown that large doses of 
irradiated ergosterol lead to a decreased retention of calcium in rats, in spite of 
the calcification of certain tissues which takes place at the same time. It has 
been noted also by Brown and Shohl [1930], Duguid, Duggan and Gough [1930] 
and by Harris [1930] that the severity of the symptoms of hypervitaminosis D 
corresponds with the amount of calcium in the diet, and that in cases where the 
intake of calcium is very low, the symptoms are difficult or impossible to 
produce. Although in the absence of calcium from the diet, irradiated ergo- 
sterol in doses of 5 or 10 mg. appears to be non-toxic", it remained to be seen 
whether the metabolism of calcium and phosphorus was affected or not in these 
circumstances. Total balance experiments therefore have been carried out and 
are briefly described below. 


EXPERIMENTAL. 


Steenbock’s rachitogenic diet [Steenbock and Black, 1925] was used as 
the basal diet, salts being added as required. It was found to be practically 
free from calcium, and to contain 60 mg. of phosphorus per 10 g. dry weight of 
food. This, though organic in form, can be utilised by the rat, and made it 
impossible to compare a high Ca: low P with a low Ca: high P diet as was at 
first hoped. 

Adult albino rats of 160-200 g. were used, divided into two groups A and B. 
To the basal diet of Group A was added calcium carbonate, so that 10 g. of food 
(dry weight) contained 49 mg. of calcium. For Group B inorganic phosphate was 
added bringing the total amount to 121-7 mg. P per 10 g. dry weight of food. 
No calcium was added. Group A served as a control to Group B. 

The general technique, including methods of analysis, was identical with 
that previously described [Watchorn, 1930]. The experimental period consisted 
of 4 weeks, one preliminary without excess vitamin, two weeks when 0-05 % 
irradiated ergosterol was added to the food, and one final “curative” or 

1 With still larger doses of irradiated ergosterol given with a calcium-free diet it has been 


found that ill effects of a different character are produced (Innes and Harris, personal communi- 
cation). 
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recovery week. In each group controls receiving two drops of cod-liver oil daily 
but no irradiated ergosterol were run for the same length of time. The diet was 








' given for about 10 days before beginning the collection of excreta. 
The effects of irradiated ergosterol upon Group A were similar to those 
obtained when the basal diet consisted of caseinogen, rice starch, sugar and fat. 
The rats lost weight rapidly, the food intake was greatly reduced, the retention 
of calcium and phosphorus decreased rapidly and the urinary calcium was 
increased, (Tables 1 and II A.) Figures for the 1st, 3rd, and 4th weeks only 
are given, as those for the second week were but slightly different from those 
for the first). In the present instance however, the urinary phosphorus was 
also increased by the irradiated ergosterol, whereas on the caseinogen diet it 
was unaffected. The retention of phosphorus was restored more quickly than 
that of calcium during the “curative” week. 
Table I. 
Ca intake Faecal Ca Urinary Ca Total Ca excretion Ca retention 
Periods Periods Periods Periods Periods 
No. of - . \ c Ann . c \ c A A 
rt I Wd IW : = = I W WwW I WU ww I I Il 
F26 704 177 541 569 174 311 17 115 190 586 289 501 118-112 43 
F28 678 352 326 456 114 314 08 141 63 464 255 377 214 97 -51 
F30 539 245 581 459 195 319 Nil 110 115 459 305 434 80 -60 147 
Control rat* 
F2 618 655 711 416 338 449 OF 49 38 423 387 487 195 268 22-4 
Figures represent mg. per rat per day. 
Period I. Preliminary. 
a» II. 2nd week of irradiated ergosterol intake. 
» III. “Curative” week. 
* Second control developed pneumonia and had to be killed. 
Table II. 
P intake Faecal P Urinary P Total P excretion P retention 
Periods Periods Periods Periods Periods 
No. of = -——————~ ca ——_, eee 
rt =I | 6S I wu mw I u wW I Wm iW I nm mW 
Group A 
F26 86-4 21-7 663 379 185 312 29 69 40 408 254 352 456 -37 312 
F28 8&1 431 326 313 156 275 03 105 28 316 261 303 515 170 23 
F30 662 303 711 155 194 307 19 64 28 174 28 335 488 45 3746 
Control rat 
F25 759 803 842 287 262 309 O7 14 28 294 276 337 465 527 505 
Group B 
F32 146 161 168 2% 26 2% 1 72 86 10 115 111 46 45 52 
F33 116 140 145 18 2 16 64 80 101 8 10 117 34 40 2% 
} F34 14 177 194 16 21 = 18 94 10 114 110 12% 132 3 51 62 
F36 127 154 170 4 ll 67 88 108 81 99 117 46 55 83 
Controls 
F31 115 176 164 #418 17 14 73 112 96 91 19 110 2% 47 ~ 53 
F35 137 181 163 I 16 12 74 102 119 89 118 131 48 63 32 





continued to gain weight. Phosphorus retention was unaffected by the ir- 


Figures represent mg. per rat per day. 
Period I. Preliminary. 
ss II. Irradiated ergosterol intake. 


» Ill. “Curative” week. 


The results in Group B (Ca-free diet) were strikingly different. The animals 













































1562 E. WATCHORN 


radiated ergosterol, for, though apparently the retention was improved, a 
similar improvement took place in the controls, and was presumably due to 
better adaptation of the animals to the diet (Table II B). There was no 
excretion of calcium in the urine or faeces in the absence of excess vitamin D 
from the diet, but dosage with the irradiated ergosterol at once produced an 
elimination of calcium by the kidney. There was an immediate improvement 
when the excessive intake of vitamin ceased. The figures for urinary calcium 
given in Table III represent also the average daily negative balance of calcium, 
as there was no intake and no faecal excretion of this element. Two control 
animals run for the same period failed to excrete any calcium either by kidney 
or gut during the experimental period. 


Table III. 


Urinary calcium, mg. per rat per day. 


No. of rat Week 1 Week 2 Week 3 Week 4 
F 32 Nil — 4-48 1-74 
F 33 ‘i 2-00 6-50 0-64 
F 34 ed 2-53 5-90 0-73 
* 36 = 0-11 5-90 1-68 


Discussion. 

The first outstanding difference between the rats which received calcium and 
those which did not was the absence of any effect of large doses of irradiated 
ergosterol upon the phosphorus metabolism of the latter. These rats were 
gaining in weight whereas those receiving calcium were not, and this result 
seems to confirm the suggestion previously made [Watchorn, 1930] that the ill 
effects upon phosphorus metabolism were at least partly due to loss of weight 
and low food intake. In spite however of the apparent health and gain in 
weight of the rats the effect of the irradiated ergosterol was to cause a renal 
elimination of calcium, thus producing a marked negative balance. The amounts 
of calcium lost in the urine were considerable, as may be seen by comparing 
them with the figures previously given [Watchorn, 1930] where the intake of 
calcium was appreciable. Such a loss of calcium, in the absence of calcium from 
the diet, can only mean that it is being lost from the bones or tissues. This action 
of large doses of irradiated ergosterol has been suggested from time to time by 
various workers and apparently exists whether calcium is present in the diet or 
not. But for the calcification of tissues the large doses of vitamin D are in them- 
selves insufficient, and need to be combined with a fairly high calcium intake. 
The action of irradiated ergosterol in the latter circumstance clearly requires 
further investigation. 


~ 


SUMMARY. 


1. Calcium and phosphorus retention in rats on Steenbock’s rachitogenic 
diet containing both calcium and phosphorus is decreased by excessive doses 
of irradiated ergosterol. 

2. Both the urinary and the faecal phosphorus are increased. 
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3. The faecal phosphorus is also increased in comparison with the intake, 
but not the faecal calcium. 

4, On a similar basal diet, but calcium-free and richer in phosphorus, the 
irradiated ergosterol does not affect the phosphorus metabolism but causes 
elimination of calcium by the kidney. 


The writer wishes to thank Dr L. J. Harris for his help and interest in this 
work. She is also indebted to the Medical Research Council for a full time 
personal grant. 
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CLXXIII. PRODUCTION OF AMMONIA BY 
SURVIVING KIDNEY TISSUE. 


II. STUDIES ON THE POSSIBLE PRECURSORS 
OF URINARY AMMONIA. 


By BARBARA ELIZABETH HOLMES anp ANTOINETTE PATEY. 


From the Biochemical Laboratory, Cambridge. 
(Received September Ist, 1930.) 


In a previous paper Patey and Holmes [1929] described three independent 
ammonia-forming systems which occur in washed kidney tissue (rat). One of 
these causes the appearance of ammonia under anaerobic conditions and one 
under aerobic conditions only. The precursors of the ammonia in both cases are 
still unknown. The third system, which for various reasons appears to be dis- 
tinct from the second, is concerned with the deamination of glycine and probably 
various other amino-acids, and is also inactive in the absence of oxygen. 

It is known that more ammonia is excreted by the kidney when the urine 
is acid than when it is neutral or slightly alkaline and, according to the theory 
first put forward by Nash and Benedict [1921] and supported by many other 
workers, most of the ammonia excreted is made in the kidney itself. We hoped 
that by testing the effect of variations in hydrogen ion concentration upon the 
three ammonia-producing systems we might be able to determine which, if any, 
of them is chiefly concerned in the physiological production of ammonia by the 
kidney. 

The production of ammonia is an important mechanism for securing the 
neutralisation of an unduly acid urine where carnivorous animals are concerned. 
Other alkalis are doubtless also excreted (in rabbits and other herbivorous 
animals these are thought to play the chief part and the ammonia excretion to 
be unimportant), and when much acid is present the urine may also be very 
dilute. The power of the kidney to form the ammonia can be measured rather 
roughly by the ratio of titratable acid to ammonia in the urine. When the 
power of ammonia formation is much impaired, as in the cases of nephritis 
which are discussed later, the ratio acid/ammonia is higher than it should be, 
but the actual amount of acid per cc. is quite low because of the great dilution 
of the urine. When acid is added to the food of normal rats their urine becomes 
more than ordinarily dilute, but the amount of acid per cc. of urine may yet be 
three times as great, and the amount of ammonia per cc. ten times as great as 
in the case of the nephritic rats. 
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Henderson and Palmer [1915] consider that the greatest amount of am- 
monia is produced when the p, of the urine is 5-6. Whether or no this is the 
case in man it does not seem to be true for rats. A few normal rats have been 
tested by feeding with acid. The urine of these rats, at least when fed upon a 
synthetic diet, is nearly always neutral or rather alkaline, and considerable 
amounts of acid have to be added to the food to lower the py. We have never 
succeeded in obtaining a reaction more acid than py, 5-4, but up to this point 
there may be a steady increase in ammonia excreted and even a steady decrease 
of the ratio acid/ammonia. Each rat is considered individually, as there is con- 
siderable variation from one animal to another. There is no sign of maximum 
ammonia production or minimum acid/ammonia ratio at py 5-6. 

In view of this, and also of the fact that the py as measured by Henderson 
and Palmer was the final one obtaining after ammonia and probably other 
alkalis had been added to the urine by the kidney, we had no particular reason 
for expecting to find an optimum py of exactly 5-6 for any system of ammonia 
production in the kidney tissue. 

The technique used for the experiments with tissue (rat) was that described 
in the first paper. The required hydrogen ion concentration was obtained by 
the use of the Michaelis phosphate buffer mixtures, and it was found that in 
order to maintain the more acid reactions throughout the experiment it was 
necessary to have a phosphate concentration of M/10. This strength of phos- 
phate solution was therefore used throughout. A preliminary experiment had 
shown that increase in phosphate concentration from M/30 to M/3 did not 
affect ammonia production. 

A decrease of py from 7-3 to 5-2 had very little effect on the anaerobic 
ammonia production by washed kidney tissue (Fig. 1). 


mg. NH, 


Approx. base line for 
unwashed 7 


“Resting” level base 


line for washed =~"! 





52 54 56 58 60 62 64 66 68 70 12 Ir 
Pu 
Fig. 1. Anaerobic system. 


When determining the amount of ammonia formed by the aerobic system, 
it was, of course, necessary to estimate the anaerobic ammonia produced at 
each py and to subtract this from the total ammonia formation at each py. 
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The values given in Fig. 2 were obtained in this way, and therefore represent 
the ammonia formed by the aerobic system (or systems) only. It will be seen 
that a very considerable increase in ammonia production by the aerobic system 
occurs with increase of hydrogen ion concentration to py 5-2, which suggests 
that it is at any rate one of the systems playing a significant part in the 
formation of urinary ammonia. The aerobic deamination of glycine, on the 
other hand, is very much less at py, 5-2 than at py 7-3 (e.g. at py 7-3, 0-043 mg. 
and at py, 5-2, 0-018 mg. from 0-3 g. of washed tissue in a medium containing 
glycine). Thus, although there may be a steady breakdown of amino-acids of 
this type by the kidney during life, it is very improbable that the extra 
ammonia excreted when the urine is acid is derived from such a reaction. 
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Some observations were carried out with unwashed tissue in order that the 
conditions occurring in life might be more closely imitated than in the other 
experiments. It will be seen that there is once more (Fig. 2) a sharp increase of 
ammonia production at py, 5-2, but that in this case there is also considerable 
production at p,, 7-3. In view of the results with glycine it seems reasonable to 
assume that part at least of this ammonia is derived from amino-acid de- 
amination at py 7-3, and that these amino-acids are washed out in the other 
experiments. We did in fact find [Patey and Holmes, 1929] that we could not 
demonstrate the deamination of added glycine at all clearly unless we had first 
washed the tissue. The anaerobic system in unwashed tissue (Fig. 1) shows a 
definite maximum at py 5-8, and this was also shown very indefinitely in the 
curves obtained with washed tissue. To judge by results to be quoted later it 
seems possible that this maximum is due to the deamination of adenylic acid, 
which would in all probability be present. It should be remarked here that the 
“resting” value of the ammonia in the unwashed kidney was not known so that 
no base line can be drawn, and the actual magnitude of the figures obtained 
with washed and unwashed tissues cannot therefore be compared with one 
another. 

Henderson and Palmer [1915] showed that the ammonia-producing mecha- 
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nism often failed in chronically nephritic kidneys, and that in these cases the 
amount of ammonia formed in response to the excretion of acid was small. 
They showed that the ratio acid/ammonia in the urine was thus greatly 
increased in nephritis of this type. 

As a further method of determining which system is chiefly responsible for 
the urinary ammonia we decided to produce chronic nephritis in rats by 
uranium poisoning and to investigate the ammonia-producing systems in their 
kidneys after the greatly increased acid/ammonia ratio described by Hender- 
son and Palmer had been obtained. The animals showed a remarkable power of 
recovery (at any rate temporary recovery) from uranium poisoning, and the very 
great decrease of sensitivity to uranium after the first few injections which 
workers with other animals have noted. It was therefore necessary to give 
increasing doses of uranium at intervals for 2-3 months to arrive at the desired 
condition. An increased ratio lasting only a day or so was obviously of no signi- 
ficance for us, since the urine was collected in 24-hour samples, and by the time 
the ratio had been determined improvement had often begun. Eventually 
however a permanent condition of severe chronic nephritis was produced and 
the animals were killed at a suitable interval after a final dose of uranium. They 
were then showing a very small excretion of ammonia, the acid: ammonia ratio 
was 2 or more, the urine was very dilute, and generally only small amounts 
of albumin were present. 

The kidney tissue from the nephritic animals was washed and treated in 
exactly the same way as that from the normals, and the experiments were 
carried out at py 7-3 as usual. 

The three ammonia-producing systems with which we were concerned were 
quite differently affected by the pathological state of the kidneys. It might well 
be expected that considerable amounts of dead tissue would be present in each 
sample used for the experiment, yet the anaerobic system was quite unaffected. 
The deamination of glycine was greatly reduced but still quite marked, and the 
degree to which it was reduced did not bear any clear relationship to the 
acid/ammonia ratio in the urine during life. The aerobic system on the other 
hand was entirely cut out at py, 7-3, and no more ammonia was formed in air 
than in the vacuum tube. At py 5-2 very small amounts of ammonia were 
still produced by this system, showing that it had not been entirely destroyed. 
The urines during life were practically never as acid as this. 

Sections of the kidneys of 11 of the rats were very kindly examined for 
us by Dr R. J. V. Pulvertaft of St Thomas’ Hospital, who classified the material 
under the headings of calcification, fibrosis, cystic dilatation, round-celled in- 
filtration and tubular degeneration. These conditions were present in all the 
kidneys to some extent, but calcification was particularly marked in 10 cases, 
fibrosis in 1, cystic dilatation in 7, round-celled infiltration in 4, and tubular 
degeneration in 2. The failure of ammonia production could not be associated 
with the presence of any particular lesion or group of lesions. 

In two cases, rats which had been receiving the same treatment as the others, 
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and which showed equally severe lesions (Rat II and Rat V1), failed to give 
a very high acid/ammonia ratio at the time of death. Strikingly enough, in 
these rats, in which ammonia formation had not failed to the same extent in 
life, there was still ammonia production by the aerobic system at py 7:3 in 
vitro. Although the results with nephritic kidneys alone do not prove that this 
system is an important one for the physiological production of ammonia, they 
give considerable support to the conclusions drawn from a study of the py 
curves. The ammonia which is formed by the kidney in response to the excre- 
tion of an acid urine is probably due, at least in part, to the activity of this 
aerobic system whose precursor is still unknown, but is not glycine or pre- 
sumably any other simple amino-acid. 

The behaviour of various substances which might possibly be the precursors 
of the ammonia formed aerobically was then studied. As the aerobic ammonia 
production was found to be much reduced or even entirely inhibited by glucose, 
no substance could be considered likely as a precursor unless deamination 
occurred more rapidly at py 5-2 than at py 7-3, and was to some extent 
hindered by the presence of glucose. 

Benedict and Nash [1929] believe urea to be the precursor of the urinary 
ammonia. They argue in support of this that Mann and Bollman [1928] find that 
in hepatectomised dogs the ammonia excretion falls as the urea excretion falls, 







































eae 


os 


Te 


Table I. 
Ammonia formation by tissue. Mg. per 0-3 g. tissue 
ct ‘ 
Duration of Acid: NH, With 
uranium ratio in With adenylic 
Rat treatment urine Resting Anaerobic Aerobic — glycine acid Remarks ; 
I 4 months* 2 0-011 0-038 0-038 0-049 _ * Uranium always injected at | 
intervals of a few days 
Ill 4 months 3 0-015 0-043 0-045 0-074* _- * Comparison of Rat I and Rat 
III illustrates the lack of re- 
lationship between rise of 
ratio and loss of glycine- 
deaminating power 
IV 4 months 2-2 — 0-032 0-037 0-057 0-109* * Adenylic deamination not 
affected 
vil 2 months 1-6 ) This experiment gives the one 
= 0-014 0-031 0-053 0-053 _- exception to our usual results, 
X 3 J The aerobic deamination is 
present, and glycine gives no 
extra NH,;. Rat VII has still 
a somewhat low ratio 
Ix 2 months 5 | 
XI 2 0-029 0-071 0-065 0-108 0-091* * In this case nucleic acid was 
+ used 
XII 2 
_ * No high ratio. Used as contr 
I 4 months 1* ) 0020 0034 0-046+ 0-082 — | ae oe ‘Used as controls 
VI 4months 085*§ 0017 0035 004+ 0-061 ~ ees 
Vv 4 months 2-8 0-040 py 52 Py d2 Pu 5-2 - -- 
(with longer and un- andun-_ and un- 
intervals) washed washed washed 
0-071 0-092 0-100 
Normal rat 05 —_ 0-038 0-082 _— — a 
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and also that when urea is injected the ammonia excretion rises again. The 
latter argument by itself does not carry much weight, as it is known that urea 
is excreted into the intestine, whence ammonia produced by bacterial action 
may be absorbed. In the absence of the liver this ammonia would then be 
excreted. The former argument, on the other hand, certainly strongly supports 
the theory that urea is the precursor, and can only be explained on this 
assumption, or on the assumption that both the urea and ammonia are derived 
from substances, the supply of which fails at much the same time in the absence 
of the liver, or even that they are derived from the same substance. The sugges- 
tion of a common origin for the urea and ammonia formed by kidney tissue 
growing in vitro has been put forward by Holmes and Watchorn [1929]. 

On the other hand, urease (from all sources which have so far been investi- 
gated) has an optimum activity at a hydrogen ion concentration slightly on the 
alkaline side of neutrality. This is true of the only animal urease so far described 
in any detail, i.e. the gastric urease discovered by Luck and Seth [1924]. The 
kidney urease, whose existence has been postulated must have an optimum 
activity well on the acid side of neutrality (pj, 5-6 or less), and, if our con- 
clusions are correct, must be active only under aerobic conditions, and in the 
absence of any large amounts of glucose. It has never to our knowledge been 
suggested that the activity of the known ureases is limited in this way. We 
have found it impossible to demonstrate urease action in our washed kidney 
tissue at py 7-3, since there is a considerable increase of urea as well as of 
ammonia during the course of the experiment (Table II). Less, or no, urea is 
formed at py 5-2, and it is always possible that any urea that is formed is broken 
down at this py, and gives rise to the extra ammonia production already noted. 
If this is the case, further investigation should reveal a numerical relationship 
between the extra ammonia appearing and the urea which fails to appear. 


Table IT. 
Mg. of N formed by 0°3 g. tissue 
oo — eee 
Ammonia-N Urea-N 
es ———— 
Exp. Resting Aerobic Resting Aerobic 
1 0-048 0-096 0-032 0-054 
2 0-036 0-085 0-030 0-077 
3 0-037 0-079 0-026 0-054 


Holmes and Watchorn [1929] have not found any suggestion of urease 
activity in embryonic kidney tissue, although their experiments were carried 
out under such conditions that any break-down of urea at a neutral reaction 
would have been apparent. Embden and Schumacher [1929] state that 
minced kidney does not make ammonia from urea. 

Another possible precursor is adenylic acid, as this is undoubtedly present 
in the blood and has been shown to be the source of a great deal of the ammonia 
formed by tissues. There is however general agreement that adenylic acid can 
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be completely deaminated under anaerobic conditions. Therefore, although it 
may be the source of some of the ammonia in the urine it cannot be the 
substrate of the particular aerobic system, and the p, optimum curves do not 
suggest that it is the substrate for extra ammonia formation with an 
acid urine. 

Professor Parnas was kind enough to send us some samples of adenylic acid 
prepared from muscle and from pig’s blood. In a recent paper Embden and 
Deuticke [1930] have shown that the adenylic acid present in muscle is the 
same as that in kidney. Using these samples, some nucleic acid and also 
some of the calcium salt of adenyl pyrophosphoric acid that we had prepared 
ourselves, we found that a change of reaction from py 7-3 to 5-2 had very 
little effect upon the deamination of these substances, but that there was a 
rather faintly marked optimum at p,, 5-8. This is in fairly reasonable agreement 
with the value Schmidt [1928] obtained for muscle, but the optimum in his 
case was much more definitely marked. There is rather less deamination of 
adenylic acid at py 5:2 than at p, 7-3; when yeast adenosine or adenylic 
acid are used the optimum is definitely at py 7-3. It will be seen that the 
Pa curve of the anaerobic system in unwashed kidney tissue has also an 
optimum at py 5°8, which suggests that there is some adenylic acid left in 
it which is undergoing deamination anaerobically. We have also found that 
severely nephritic kidney tissue, which showed no increase of ammonia in air 
at py 7-3, was still capable of deaminating adenylic acid. Therefore, if this 
acid is the precursor, the failure in this type of nephritis must be in the supply 
of adenylic acid and not in the power to deaminate it. This seems somewhat 
improbable, but Embden and Schumacher [1929] have suggested that there 
is much less adenylic acid present in the kidney in nephritis than under 
normal conditions. 

Histidine and asparagine do not give rise to any ammonia at all when 
added to surviving kidney tissue, and tyramine gives a higher yield in the 
presence of glucose than in its absence. Aspartic acid and lysine both show 
considerable deamination at p, 7-3, and the deamination of lysine is much 
reduced by glucose. It is very probable that adenylic acid is one of the 
sources of ammonia appearing in the urine, but we have to conclude that 
the precursor of the aerobic ammonia-producing system and of the extra 
ammonia appearing in the urine at an acid reaction is still unknown. 


CONCLUSIONS. 

1. It has been shown that an ammonia-producing system which acts only 
under aerobic conditions is present in rat-kidney tissue, and that this system 
has an optimum activity at py, 5-2 or lower. 

2. It is suggested that this system is concerned in the physiological pro- 
duction of ammonia by the kidney, as this is known to be greatest when the 


urine is acid. 
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3. This idea is: confirmed by the fact that ammonia production by this 
system is much decreased in uranium nephritis, when ammonia excretion is 
abnormally low. 

4. The precursor of the ammonia produced is unknown. The possibility that 
it may be adenylic acid or urea is discussed. The deamination of other possible 
precursors has also been investigated. 

5. Urea is also formed by kidney tissue in air at py 7-3. 


One of us (B. E.H.) has to thank the Medical Research Council for a 


personal grant. 
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Ir has been recognised for many years that certain inorganic elements, even 
when present in extremely small amounts, can exercise a marked effect on the 
growth and development of plants. Since the pioneer work of Pasteur and of 
Xaulin on the mineral nutrition of microbes and of fungi, such as Aspergillus 
niger, much research on similar lines has been carried out, and emphasis has 
been laid on the importance of the minute chemical constituents in plant 
physiology and in agriculture generally [e.g. Bertrand, 1912]. 

Vitamin work of recent years has proved the enormous importance in 
animal physiology of food constituents which are present in the diet only in 
minute amounts. This raises the question as to whether certain mineral ele- 
ments, also occurring in traces in food, and known to occur in small amounts in 
blood and tissue, may not prove to be of significance in the physiology of 
animals, as they have been shown to be significant in that of plants. 

Of these “‘trace” minerals, manganese has received special attention since 
Bertrand [1897] formulated his theory that this element is the true active 
principle of the oxidases. Although this theory was afterwards challenged, it 
may be regarded as proved that manganese is indispensable for normal plant 
growth. This indispensability, according to Samuel and Piper [1929], is now 
recognised to such an extent that manganese is included as a matter of course 
in a complete nutrient solution for water-culture work, although toxic effects 
may ensue if the amount present is too large. In contrast with manganese, 
certain other elements, such as copper and arsenic, are exceedingly poisonous 
to plants, and do not seem to stimulate growth even when they are applied 
in the smallest quantities [Brenchley, 1914]. 

So far little is known with regard to the action of manganese in living 
creatures, but a few briefly reported experiments [Levine and Sohm, 1924; 
McHargue, 1926; McCarrison, 1927; Bertrand and Nakamura, 1928], dealing 
with the effect of additions of this element on the growth of rats or mice, 
indicate the necessity for fuller knowledge. In the following pages will be found 
numerous analytical data relating to the manganese content of various materials 
of plant or animal origin. The analyses have been carried out by a procedure 
based on the Willard and Greathouse periodate method, of which full details 
are published elsewhere [ Richards, 1930]. 
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PART I. 


THE MANGANESE CONTENT OF PLANT REPRODUCTIVE ORGANS. 


i The universal presence of manganese throughout the vegetable kingdom has 
been frequently demonstrated. It has been shown moreover that it concen- 
trates specially in the parts of the plant that are most active chemically 
[Jadin‘and Astruc, 1913; Bishop, 1928]. Although a high percentage of man- 
ganese has been reported by various workers in the seeds of plants [ Wester, 
1921], there are practically no figures available for the manganese content of the 
reproductive organs, save two examples by Bertrand and Rosenblatt [1922]. 
In view of the possibility that manganese might be concerned in the processes of 
reproduction both of plants and of animals, it seemed of interest (a) to obtain 
further figures for plant reproductive organs; (5) to find whether any significant 
difference occurs between male and female organs; and further (c) to trace any 
change that may occur in the manganese content of the seeds during the 
process of ripening. In Tables I and II will be found the manganese content 
of the reproductive organs for several species of plants. 


Table I. Reproductive organs of plants. 7 
(mg. Mn/100 g. dry matter.) 
Plant Stage of bloom Female organs Male organs 
Willow 
(species unknown) 
I 


—_ Whole bloom 35-4 = 
i Pistils 22-0 
Bracts 753 
\ II Advanced, -- Whole bloom 136-0 
Pollen dispersed Anthers 80-0 
Bracts 159-5 
Tit — Pistils 15-4 -- 
Tall sedge Advanced. Whole bloom 36-7 Whole bloom 28-4 
(Carex aquatilis) Pollen dispersed 
Poppy (large red) Bud unopened Pistils 1-44 Stamens 1-73 
t Laburnum All stages—from Pistils 2-76 _ 
unopened buds to 
flowers just fading 
j White tulip Advanced. Pollen Pistils 0-95 Anthers 3-76 
5 almost gone Filaments 1-91 
{ Red tuli I. Flowers just Pistils 1-59 Anthers 3-70 
P 
fully out— Filaments 1-58 
no free pollen 
| II. Pollen ripe Pistils 1-52 Anthers 3-97 
f Ovules 2-97 Pollen 2-91 
| Capsules 1-25 Filaments 1-54 
t ITT. Flowers faded Pistils 1-55 Anthers 3-58 
f Ovules 2-87 Filaments 1-68 
f Capsules 1-34 
i The data in Tables I and II show that there are wide differences in the 





manganese content of the reproductive organs of different plants. These differ- 
ences cannot be accounted for on the score of family, for the lupin and laburnum, 
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Table II. Reproductive organs of blue lupin at different stages of development. 
(mg. Mn/100 g. dry matter.) 


Female organs 
, 


Stage of bloom Whole pistil Seeds Pods Male organs 
I. Tiny buds. No free pollen 28-7 oe -- Anthers 34-7 
Il. (a) Larger buds (a)) 29-7 a ald (a) Pollen 27-4 
(6) Flowers fully out (5)) (6) Pollen 29-9 
III. Flowers not faded, but pollen 28-1 _ _ aa 
dispersed 
IV. Flowers faded. 29-0 30-3 28-9 _ 
Pods 0-75-1 cm. long 
V. Pods 1-1-75 cm. 37-8 69-5 34-0 _— 
VI. Pods 2-2-5 cm. 40-3 112-5 31-6 
VII. Pods 2-75-3-5 cm. 37-1 122-8 26-8 ~ 
VIII. Pods 3-5-4 cm. 34-6 119-9 25-0 — 
IX. Pods 4-5-5 cm. 30-4 100-7 20-9 -- 
X. Pods further developed 21-3 48-5 14-9 -- 
XI. Seeds ripe. Pods bursting open 22-4 20-5 23-8 -— 


both belonging to the Leguminosae, show a striking difference. Nor can they 
be connected with the size of the plant, since the willow and laburnum, small 
trees of approximately the same size, show a similar difference. It will be noted 
that of the few results available, those with very high manganese content, viz. 
lupin, willow, and sedge, are all plants which occur naturally in the neighbour- 
hood of abundant water-supply, and may thus be regarded as water-loving, 
though not aquatic plants in the true sense. It is therefore of interest to note 
that a very high percentage of manganese has been reported in many true water- 
plants, such as Zostera marina and Trapa natans [Kobert, 1883], and that sub- 
merged plants of this nature (e.g. Elodea) show in a marked degree adsorption 
of colloidal manganese compounds, when exposed to light in solutions con- 
taining manganese, a phenomenon which has recently been closely investigated 
by Gicklhorn [1927]. The water-loving character of the above plants may thus 
be not unconnected with the unusually high manganese content of their 
reproductive organs. 

There is apparently no very wide difference between male and female 
reproductive organs of the same plant as regards their content of manganese. 
This is seen in the figures for sedge, poppy, red tulip, and lupin. The figures for 
male and female willow catkins can scarcely be compared, as they are probably 
from entirely different species. 

There is a rapid increase in the manganese percentage in the seeds of the 
lupin as the seeds develop, up to a certain point, after which this increase fails 
to keep pace with the storage of organic matter. For the pods the maximum 
percentage is reached a stage or two sooner than is the case with the seeds. 
Table III shows that, although the percentage of manganese in the seeds 
and pods does not maintain its increase to the end, the total manganese for 
each pistil, both in the seeds and in the surrounding pods, goes on increasing 
very markedly up to the final stage of the completely ripe seed. 
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Table III. Total Mn content of developing pistil of lupin. 


Total Mn per pistil in mg. 


No. of pistils §(————_—_—___+_____—___,__ py, Pod Mn 
Stage analysed Complete pistil Seeds Pod Seed Mn 
I 250 0-000135 — — — 
II 250 0-000256 — — — 
Ilr 200 0-000477 — — — 
IV 100 0-00280 0-00028 0-00252 9-00 
.V 90 0-0070 0-0014 0-0056 4-00 
VI 64 0-0135 0-0041 0-0094 2-29 
VII 40 0-0224 0-0079 0-0145 1-84 
Vill 32 0-0318 0-0113 0-0205 1-81 
Ix 24 0-0452 0-0178 0-0274 1-54 
x 24 0-0492 0-0214 0-0278 1:30 
XI 12 0-0872 0-0341 0-0531 1-56 


It will be seen that the manganese content per pistil increased more than 
640 times between Stages I and XI, and that while at Stage IV (the point where 
separation of seeds from pods first became practicable) the total amount of 
manganese in the pod was 9 times that in the seeds, the relative amount in the 
seeds increased very rapidly during the next few stages, so that by Stage VII 
the ratio pod Mn/seed Mn had fallen to 1-84. This rapid increase of manganese 
in the seeds seems to point definitely to some essential function of manganese 
in plant development. 

Ash content of ripening seeds. The large increase in the manganese content 
of the ripening seed suggests the question whether the ash content behaves 
similarly. Not many data are available for the variation in the mineral con- 
stituents of a plant at different stages of development. From a few examples 
quoted by Czapek [1925] it would appear, as might be expected, that the per- 
centage content of ash diminishes steadily during seed-ripening, but that the 
absolute values show an increase. Thus, for the ears of Avena sativa at succes- 
sive stages, the figures given by Arendt [1860] are: 


Ash % 3-89 3-67 2-82 2-68 
Total ash for ears of 100 oat-plants 15,66 25-70 31-86 34-29 


A similar increase was found by Schjerning [1906] for the ash content of ripening 
barley. In the 3 examples given, the ash content of a given number of barley- 
grains was roughly doubled between the stage of green ripeness and that of 
complete ripeness. While these increases in total ash are by no means so great 
as those found for the manganese content of the lupin seeds, it must not be 
overlooked that the stages for which figures are given may not be comparable 
in the different cases. 

No instance has been found in which, for seeds, the percentage of one mineral 
constituent increases during seed-ripening while the percentage of the total ash 
decreases, but Samuel and Piper [1929] give an example of this nature for the 
oat plant at different stages of growth. They found a continuous decrease in 
ash, from 11-59 % to 6-91 % (6-17 % when finally harvested), while the per- 
centage manganese content showed a distinct increase at the age of 12-16 weeks. 
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This was followed by a steady decline until the plant was ripe, but even then 
the proportion of manganese was only a little less than at the time of the first 
sampling. The increase recorded is by no means so striking as in the case of the 
seeds of the lupin, and it would be interesting to trace the ash and manganese 
content for the ears of the oats, for comparison with those of the whole plant. 
The results found for barley differed from those just described for oats in that 
there was a continuous decrease in the percentage of manganese as the plants 
approached maturity. 

Analogy between plant and animal kingdoms. The striking increase in the 
manganese content of the seeds of the lupin during the process of ripening, 
suggested that a similar effect might be observed in the animal kingdom. In 
Table IV will be found the results for the manganese content of 4 series of hen’s 
eggs arranged in order according to the different stages of development from 
the ovary with the tiniest ova to the completely formed egg (Egg 7). The eggs 
were taken from the bodies of 4 hens, aged 60-62 weeks, which had all been 
similarly fed. The table shows the total manganese content in mg. per egg. 


Table IV. 


Eggs 
Small 1 and 2 
Hen Ovary ova (per egg) Egg 3 Egg 4 Egg 5 Egg 6 Egg 7 
1 0-0022 0-002 0-004 0-0055 0-0086 0-0101 0-0098 
2 — 0-001 0-002 0-0043 0-0076 0-0106 -— — 
3 — 0-0005 0-0013 0-0023 0-0065 0-0077 0-0101 0-0126 
4 0-0016 0-0018 0-0013 Lost 0-0064 Lost 0-0110 0-0126 


It will be seen that the total manganese of the developing egg shows a steady 
increase similar to that obtained for the ripening lupin seed, though on a 
smaller scale. With regard to the percentage of manganese, in two cases a 
maximum was reached about the middle of the series, followed by a decrease. 
In the third series the highest figure was found in the last two eggs of the series, 
while in the last case the percentage remained practically constant throughout. 
The average value for the yolks of all sizes and all series was 0-066 mg. per 100 g. 
moist substance. It may be noted here that no connection could be traced 
between the fertility of hen’s eggs and their manganese content. Different 
series of eggs—fertile, infertile, and “‘dead in the shell”—showed approxi- 
mately the same range of variation in manganese content, and the same average 
percentage of manganese. 


PART II. 


THE MANGANESE CONTENT OF FOODSTUFFS. 


For our present knowledge of the manganese content of foodstuffs in com- 
mon use we are indebted mainly to two papers recently published in America 
by Lindow and Peterson [1927] and by Skinner and Peterson [1928]. In order 
to get some idea of the variations that may be expected in foodstuffs from 
different districts and different countries, American figures have been included, 
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when available, for the substances in the present list. The majority of the 
substances were obtained from the Duthie Experimental Stock Farm Food- 
store. In other cases the place of origin is indicated. 
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Table V. Manganese content of foodstuffs'. 


Substance 
Grains and farm feeds 
Barley, whole ... 
” ” ee 
a ground 
Blood meal 
Cotton seed meal 
Pe Bombay .. 
cake, decorticated 
Cotton cake, Egyptian 
Earth-nut cake, undecorticated, ground 
Earth-nut (pea- eee is West Africa 
Fish-meal se 


Kaffir grain, white, West Africa 
Linseed, ground 
mn cake ... 

Locust beans ... 
Maize (1) 

» (2) pace 
» (3), West Africa 

» (4), Kenya 

» ground, (5) 
Meat and bone meal . 
Millet, Kenya ... 


Oats, whole 
Oatmeal 


Oat straw 
Pasture 


Pasture, South England 


Rape meal 
>» cake a 
Rice, polished .. 
»  husked, unpolished, West Africa 
Soya bean, ground 
», cake ‘ 
Sunflower meal, ‘decorticated _ ose 
és »  semi-decorticated ... 
a cake, ground 


Tapioca 

Wheat, w hole . 
4 ground — 
» embryo (hand- picked) 
m 6s (commercial) 


is bran 


middlings or sharps, various 


1 I desire to acknowledge my indebtedness to Miss B. W. Simpson and Mr G. W. Leeper for 


assistance with the analyses. 
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Figures by 
Peterson etc. 


Yellow corn 
0-53 
0-54 


1-00 
Japanese millet 

3°56 

4-21, 3-18 

8-71 

5-11 

1-20 

Rice, brewer’s 1-68 
Soya bean seed 2-95 
hay 8-41 


2? 2”? 


& 
Br 
or 


10-10 

14-04 

14-04 

Wheat middlings 
(flour) 12-96 
(standard) 15-58 
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Table V (continued). 


Substance 


Vegetables etc. (grown locally, unless otherwise indicated) 


Mn 
mg./100 g. dry matter 


Figures by 


Peterson etc. 





Banana, Kenya 1-88 3°33 
Beans, Kenya... 2-36 1-22, 1-87, 2-96 
(different varieties) 
Beetroot 2-17 _— 
Cabbage 1-50 1-06 
Carrot ... 1-67 0-60 
BOR ase 0-44 — 
Lettuce... 13-3 (1) 21-62 
(2) 10-00 
Marrow, Kenya ie eh = es 2-49 — 
Onion, various, Englan pas sou sos 0-72-1-44 0-79 
av. (6) 0-98 —_ 
Peas, Kenya 2-51 1-94 
99 bee ae 1-15 _— 
» (pods) ... aa = ae ses 2-70 — 
Potato, peeled, various, England ... sen 0-40-0-76 0-45 
av. (15) 0-61 — 

» a - ies om (1) 1-18 _— 

» peeled a soe a dee 0-58 — 

unpeeled a ee soe ove 1-43 — 

: sweet, Kenya sks hit hay 2-78 0-54, 1-96 
Spinach, Kenya aid ei ra aie 8-9 8-65 
Turnip ... a ie eae = av 0-36 —_ 
Yam, Kenya ... a ose oes ose 0-20 oe 

Miscellaneous mg./100 ce. 
Milk (cow’s) ... ve ie =e bas (1) 0-004 — 
(2) 0-004 — 
» South Scotland ... co ae _ 0-005 — 
» Kenya a 0-004/100 g. — 


mg./100 g. moist wt. 
0-020—0-048 _— 
av. (62) 0-032 — 


mg./100 g. dry matter 


Eggs (hen’s) 


Yeast, dried (1) 0-95 es 
(2) 0°74 
Marmite — hig a a oe 0-08 — 


DIscussIon. 


District Variation. (a) Comparison of the present figures with those of the 
American workers shows that only in a few cases is there fairly close agreement 
in the percentages of manganese, e.g. barley, earth-nut (pea-nut), Kaffir grain, 
rice, wheat bran, wheat middlings and spinach. When considerable differences 
do exist however there is a general tendency for the results to be of the same 
order of magnitude. This is indicated by the figures for lettuce, ground linseed, 
wheat and onions. 

(b) The question of district variation has been studied more closely in 
connection with the manganese content of potatoes and onions. A number of 
samples were available, collected from various counties in England, ranging 
from Cumberland to Cornwall. Analyses of these samples showed that, ir- 
respective of variety, the variation in manganese content is not very great 
from district to district. Of 16 samples of potatoes analysed, 15 gave figures 
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falling within the range 0-40-0-76 mg., with an average of 0-61 mg./100 g. of 
manganese. Only one sample differed considerably from the rest, giving a con- 
tent of 1-18mg. All these samples were peeled before analysis, as if for human 
consumption, and it seems possible that in this particular case the potatoes may 
have been peeled more thinly than usual. Support is lent to this idea by the 
fact that a sample of local potatoes when analysed unpeeled, after thorough 
washing, gave a manganese content of 1-43 mg., while the same potatoes, 
peeled, gave 0-58 mg., a result agreeing closely with the average of 0-61 mg. for 
the various English potatoes. A similar difference is seen in the figures given 
by Lindow and Peterson [1927] for scraped and unscraped parsnips, for which 
the manganese content is 0-20 and 1-39 mg. respectively. The figure for un- 
peeled potatoes, viz. 1-43 mg., may be compared with the average of 1-40 mg. 
found by Bode and Hembd [1921] for 16 varieties of potatoes (20 samples). In 
the absence of direct information on the point, it may be assumed that in this 
case the potatoes were analysed unpeeled. For onions, the percentage varia- 
tion is approximately the same as for potatoes. The manganese contents of the 
6 samples analysed were 0-72, 0-76, 0-83, 1-01, 1-14 and 1-44 mg., giving an 
average of 0-98 mg./100 g. 

Exact agreement in samples from different sources is scarcely to be expected 
when varying soil conditions are taken into account. There can be little 
doubt, in view of the results reported in various culture experiments, that the 
absorption of manganese by a plant may be influenced to a considerable extent 
by the amount of available manganese in the nutrient solution or soil. Thus 
Passerini [1906], in pot experiments with lupins, observed that the addition of 
manganese carbonate to a sand already containing 0-0002 % of manganese 
increased the manganese content of the dry matter of the plants nearly 7-fold. 
So also Samuel and Piper [1929] found that the manganese content of healthy 
oat plants in water-cultures increased from 14-8 to 95-7 parts per million dry 
matter, as the manganese content of the solution was increased from 1 in 
10,000,000 to 1 in 400,000, while the diseased plants from manganese-deficient 
solutions contained 12 parts per million or less. A similar wide variation for 
manganese content under different conditions is seen in the figures given by 
Skinner and Peterson for sugar-beet tops, which when grown in the field con- 
tained 71-2 mg./100 g. of manganese, when grown in a greenhouse only 10-3 mg. 

On the other hand, Headden [1915] found that the amount of manganese 
present in different varieties of wheat was very nearly constant, irrespective of 
the soil. Of 33 samples analysed, consisting of many varieties grown under 
widely different manurial conditions, two-thirds of the number gave a man- 
ganese content of 4-5 mg., the average for all the samples being 5-1 mg./100g. 
Again, the results found by Bode and Hembd [1921] for different varieties of 
potatoes show in general how constancy is maintained in different fields, 
although in one case a 50 % difference was observed for the same variety in 
two fields. With certain species the manganese content of the plant appears to 
be fairly constant, regardless of variations in soil conditions, whereas with others 
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fairly wide variations have been recorded. Our knowledge is at present too 
scanty to permit of correlation between soil conditions and manganese content 
of the herbage growing thereon. 

Manganese content of pastures. Pastures have a high manganese content. 
For 5 samples given the average is 12-7 mg. per 100 g. dry matter. A number 
of samples that were available for analysis have given figures much higher than 
this, but as it is not certain that precautions were taken in collecting the 
samples to avoid all soil contamination, the results are not recorded. 

Distribution of manganese in the wheat grain. The figures for the manganese 
content of the whole wheat grain, and of the various preparations from it, show 
that the by-products are richer in manganese than the whole seed. The whole 
grain contains only 3-1 mg., while bran has 13-8 mg. per 100 g., and the various 
grades of sharps or middlings vary from 10-4 mg. and 10-6 mg. in white and red 
sharps, to 14-0 mg. and 16-2 mg. in brown sharps and in the coarse middlings 
respectively. This concentration of manganese in the outer layers of the grain, 
which is noted also by Skinner and Peterson, was demonstrated by McHargue 
[1914] for wheat and a considerable number of other seeds. The very high 
percentage of manganese in wheat embryo, viz. 39-0 mg., is worthy of note, in 
that it offers a further indication of the importance of manganese in the germi- 
nation of the seed [see Pichard, 1898; McHargue, 1923]. 

Manganese content of milk and colostrum. The manganese content of milk 
is very low, amounting to only 0-004 mg. per 100 cc. It will be noted that, as 
with plant-products, the value remains remarkably constant for milks from 
different neighbourhoods. Samples from Kenya, and from the south of Scot- 
land, gave practically the same figure as the local milk. Colostrum has a higher 
manganese content than milk, though the differences here recorded are not so 
great as that in the single example given by McHargue [1924], where the amount 
of manganese in the colostrum was nearly 7 times as great as the amount in the 
milk a month later. 


Table VI. Manganese content of colostrum. 
(mg. Mn/100 cc.) 


Cow I Cow II Cow III 
Ist milking 0-007 0-005 0-009 
2nd _ ,, 0-005 0-004 0-006 
a 0-007 0-004 0-003 
PART III. 


MANGANESE AND THE ANIMAL ORGANISM. 


It has been found that the occurrence of manganese is as widespread 
throughout the animal kingdom as in the plant world. Bertrand and Medigre- 
ceanu [1913, 1, 2] have not only shown its presence in the blood and organs of 
man and the higher animals, but have shown that it occurs also in all the 
zoological groups. They draw attention however to the excessive poverty of the 
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animal species, as compared with plants, in respect of their manganese content. 
This is doubtless true if the content of the total organism is considered, since 
animal muscle is low in manganese whilst the green leaves of plants are parti- 
cularly high, but if individual animal organs are considered, e.g. liver and 
pancreas, the difference between the plant and animal kingdoms is much less 
pronounced. In exceptional cases moreover the animal organism as a whole can 
surpass most of the plants, e.g. Bradley [1910] has found that certain molluscs 
contain as much as 1 % of manganese in the dry tissue, the manganese being 
present in rather uniform amount, and showing no such large fluctuations as 
would be expected were the occurrence of the element adventitious. 

Effects of manganese intake on the animal organism. With regard to the 
effects of manganese intake, it appears that in general the animal organism 
shows a great tolerance for manganese compounds. Toxic results following the 
injection of manganese salts have been reported in the case of such animals as 
dogs, rats, rabbits, and guinea-pigs, and Findlay [1924] obtained a toxic effect 
by feeding a large amount of manganese chloride to rats, but the bulk of the 
evidence seems to show that when ingested per os, even in fairly large amounts, 
manganese compounds have no toxic effect. Thus it has been proved by experi- 
ments on dogs and on pigeons [Reiman and Minot, 1920, 2; Oettingen and 
Sollmann, 1927] that even prolonged feeding of large amounts of manganese 
ores fails to produce any significant changes in the manganese content of the 
blood and tissues or to cause any pathological symptoms. With regard to the 
cases of poisoning that sometimes occur among workmen in manganese fac- 
tories, these authors suggest either that certain individuals are specially sus- 
ceptible, or that the ores when inhaled as a dust are much more poisonous than 
when taken in ihe food. The tolerance of animals for ingested manganese com- 
pounds is borne out by growth experiments with pigs, in which the present 
author found no toxic symptoms following daily ingestion of 3-5 g. of manganese 
citrate for nearly 9 months. Information is scanty regarding the effect bf 
additions of manganese to a diet deficient or lacking in this element. The few 
experiments on rats and mice already referred to are rather inconclusive in their 
results, owing in most cases either to the small number of animals in the groups, 
or to the short duration of the experiment. In a later paper, McCarrison [1928] 
reports a result which may be of considerable significance. He describes a type 
of goitre which is produced in rats by a deficiency diet, but is not related to 
iodine deficiency. The condition does not occur if manganese chloride is added 
to the diet in a suitable proportion. Again however the data are scanty. 

Some recent work in America deals with the question of manganese in its 
relation to anaemia, but the results reported by different authors are contra- 
dictory. Titus, Cave and Hughes [1928] found that the addition of manganese 
and copper to a milk-iron diet produced a quicker response as regards haemo- 
globin building than did cither copper or manganese alone. On the other hand, 
Waddell, Steenbock and Hart [1929] failed to confirm this finding. 
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PRESENT WORK. 
Manganese requirement. 

In dealing with the feeding of the “trace” elements (such as manganese) 
to farm animals, it is difficult to devise a basal ration which will be sufficiently 
low in the element concerned to make it possible to see any effect from 
addition of its salts. It is of course impracticable to feed such animals on 
a synthetic diet, and the amount of manganese present in ordinary food- 
stuffs, such as might naturally be fed to growing animals, is probably large 
enough to satisfy the animal’s requirement. Thus, in a growth experiment on 
pigs conducted at this Institute over a period of 10-11 months, no difference as 
regards growth and general health could be detected between the groups 
receiving amounts of manganese citrate varying from 0-4 to 3-5 g. per pig daily, 
although the basal ration of maize, barley, fishmeal, potatoes, and separated 
milk, contained only about 1/17th of the amount of manganese present in a 
more normal pig-feeding diet of sharps, oatmeal, fishmeal, and separated milk. 
It seems therefore that the manganese requirement, if any, of the pig is small, 
and that it is satisfied by an intake of about 1 part in 180,000, the amount 
present in the basal ration of the above experiment, although it is possible 
that continuation of such an experiment for another generation might bring 
to light differences between the groups with differing manganese intake. 

The difficulty of supplying direct experimental evidence as to the efficacy 
of manganese in promoting the growth and well-being of animals makes it 
necessary to rely largely on the indirect evidence afforded by the analysis of 
animal organs under varied conditions. Such evidence is offered in the fol- 
lowing pages, in which are summarised the results of analyses of organs from 
different species of animals, and in some cases at different stages of growth. 


Manganese content of animal organs. 

In the tables which follow all results are expressed as mg. Mn per 100 g. 
moist tissue. 

Table VII gives the manganese content of various organs of different species, 
including the chief farm animals. In most cases the range of variation is given 
as well as the average. 

In Table VII only average figures have been included for the liver, pancreas, 
and reproductive organs, as these will be discussed more fully later. Omitting 
these organs, it will be noted that figures for manganese content are high for the 
duodenum, and fairly high for the kidney and submaxillary salivary glands, 
while for the remaining organs, e.g. spleen, heart, brain, lung, thyroid, and 
muscle, they are on a distinctly lower level. 

Although the number of analyses done for each animal is not large, the 
table indicates that for these organs of lower manganese content there is a fairly 
close agreement among the different species, except that the organs of the fowl 
give somewhat higher values—a point noted also by Bertrand and Medigreceanu 
[1913, 1]. Thus the figures (expressing Mn in mg. per 100 g. moist tissue) for 
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Organ 
Liver 
Pancreas 
Kidney 
Duodenum 


Salivary glands 
Submaxillary 
Parotid 

Testis 

Ovary 

Gall-bladder 


Bile 
Spleen 
Heart 
Lung 
Thyroid 


Muscle (thigh) 
Blood 


Pig 
Av. 0-393 
Av. 0-207 
0-075-0-157 
Av. (7) 0-109 
0-084-0-272 


0-105 

0-086 

Av. 0-053 
Av. 0-054 
0-033-0-103 
Av. (4) 0-071 
0-031-0-097 
Av. (4) 0-052 
0-027-0-046 
Ay. (4) 0-036 
0-018, 0-021 
Av. (2) 0-020 
0-028 


0-031, 0-076 
Av. (2) 0-054 
0-015 
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Table VII. 
(mg. Mn/100 g.) 
Ox Sheep 

0-250 0-277 
0-171 0-205 
0-115-0-151 0-071, 0-175 
Av. (3) 0-136 Av. (2) 0-123 
— 0-288, 0-333 
Ay. (2) 0-311 
0-110 0-114 

0-050 a 
0-028 0-080 
aa 0-056 
0-023-0-088 0-216-0-270 
Av. (4) 0-052 Av. (4) 0-234 
0-011-0-058 0-123-0-191 
Av. (4) 0-031 Av. (4) 0-164 
0-016 0-036 
0-028 0-029 

0-016 — 
0-037 0-036 

0-015 a 
oo 0-005 


Fowl 
0-303 
0-222 
0-204—0-227 
Av. (3) 0-216 


0-053 
0-046 


0-062 
0-067, 0-071 
Av. (2) 0-069 


0-004 





Man 
0-175 
0-115 


0-068-0-083 
Av. (5) 0-077 
0-092 


0-091 


0-008-0-025 
Av. (4) 0-018 
0-021 


0-038, 0-041 
Av. (2) 0-040 
0-019-0-077 
Av. (3) 0-049 
0-017 


the kidney in the pig, ox, sheep, and man, are 0-109, 0-136, 0-123, and 0-077 
respectively, while for the fowl the value is 0-216, which agrees with Bertrand’s 
figure of 0-217. Even closer agreement is found for the submaxillary salivary 
gland, muscle and heart. 

Manganese content of liver and pancreas. Table VII shows that for all the 
species considered the organs highest in manganese are the liver and pancreas. 
The results for these are therefore given in greater detail in Table VIII. 


Table VIII. 
(mg. Mn/100 g.) 


Liver 


Mean 


Pancreas 


Mean 





Pig Ox 
0-408 0-234 
0-377 0-289 
0-448 0-247 
0-381 0-223 
0-370 0-256 
0-355 
0-412 —_ 
0-393 0-250 
0-190 0-147 
0-197 0-167 
0-200 0-178 
0-186 0-192 
0-214 — 
0-252 —_ 
0-207 0-171 


Sheep 
0-249 
0-238 
0-263 
0-336 
0-300 


0-277 


0-234 
0-153 
0-212 
0-220 
0-208 


0-205 


















Fowl Rabbit 
0-328 0-259 
0-275 0-234 
0-328 0-245 
0-327 0-292 
0-255 0-247 
— 0-274 
‘303 0-259 
0-239 0-233 
0-205 i 
0-222 0-233 


Man Fish 
0-189 *Monk-fish 0-076 
0-213 Coal-fish 0-079 
0-130 Cod 0-086 
0-195 Haddock 0-140 
0-147 Hake 0-196 
0-175 0-115 
0-136 — 
0-102 — 
0-106 7 
0-115 — 


* Monk-fish—Lophius piscatorius; coal-fish—Gadus virens; cod—Gadus callarias; haddock— 


Gadus aeglefinus; hake—Merlucius vulgaris. 
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The most striking point is the remarkable constancy found in the man- 
ganese content of the same organ in the different individuals of one species. 
Some indication of this was seen in a few results of Bertrand and Medigreceanu, 
[1913, 1], and the observation is amply confirmed by the numerous instances 
above recorded. While the table thus brings out the fact of the constancy 
within the species, it shows that for the organs of higher manganese content, 
variations among the different species are more marked than was the case for 
the organs already considered. 

Thus the liver of the pig, (with approximately 0-4 mg. per 100 g. moist 
tissue), is distinctly richer in manganese than that of the fowl, sheep, rabbit, 
and ox, and the figures for these species are again considerably higher than those 
for man and for various kinds of fish. The low figure for human liver agrees 
with that of Reiman and Minot [1920, 1], who found 0-170 as the mean of 13 
results, and for fish-liver two values given by Bertrand and Medigreceanu 
[1913, 1] are also low—0-040 for monk-fish, and 0-089 for dog-fish. In view of 
the possible connection between manganese and anaemia, the low manganese 
content of the liver of fish, as compared with that of land animals, seems worthy 
of mention, since it has been found in anaemia experiments [Robscheit- 
Robbins and Whipple, 1926] that fish-liver, in contrast with the liver of ox, 
pig, or fowl, is almost inert as a dietary factor in haemoglobin production. 

For the pancreas the differences among animals of different species are less 
marked, the pig, sheep, fowl, and rabbit giving approximately equal values. Ox- 
pancreas however gives a somewhat lower figure, and human pancreas, like 
human liver, contains little more than half the percentage of manganese found 
in the corresponding organs of the other species considered. This low value for 
human pancreas is supported by the results of Reiman and Minot [1920, 1], who 
give an even lower figure, namely 0-076 as a mean of six results. As far as the 
author is aware, no attention has yet been drawn to the relatively high man- 
ganese content of the pancreas in most species, and in fact very few analyses of 
this organ seem to have been carried out. Bertrand and Medigreceanu [1913, 1] 
give figures only for the dog, the seal, and a species of dog-fish, and though the 
latter two are high—0-166 and 0-271 respectively—he makes no mention of 
the pancreas among the organs of principal functional importance highest 
in manganese. 

Effect of manganese feeding on the liver and pancreas. Growth experiments 
on pigs, in which successive groups received increasing amounts of manganese, 
provided material for determining whether these additions to the diet caused 
any noticeable difference in the manganese content of the organs (Table IX). 
Two or three animals were slaughtered from each group, after a period of 3 
months on their respective diets. In Group E, the animals had received a small 
amount of added manganese for two months (0-0135 g. Mn per pig daily), but 
the dose was increased to 0-47 g. a month before slaughter. 

It will be seen that, associated with the manganese feeding, there is a 
greater irregularity in the figures than was observed in the case of the normal 
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Table IX. Effect of manganese intake on liver and pancreas. 


Mn inliver Mn in pancreas 


Group Ration mg. per 100g. mg. per 100g. 
A Basal ° ass coe 0-456 0-174 
0-395 0-265 
B Basal + 0-054 g. Mn per pig daily 0-494 0-198 
0-418 0-186 
°C Basal + 0-135 g. Mn ca ie 0-551 0-272 
0-299 0-221 
D Basal + 0-27 g. Mn née “ 0-547 0-249 
0-493 0-153 
0-435 0-176 
E Basal + 0-47 g. Mn aa ow 0-348 0-302 
0-524 0-172 
Mean 0-451 0-215 


animals. On account of this irregularity and the small number of analyses 
available no group averages are given. It seems that the manganese feeding 
has had no very apparent effect on the manganese content of the pancreas. The 
figures for the different animals show only slight deviations from the normal 
range, viz. 0-186—0-252, and the average for all the animals, 0-215, is very close 
to the normal average of 0-207. Nor has there been any very decided effect on 
the liver. While a few of the individual figures are higher than normal, especi- 
ally in the two highest manganese groups, there is no evidence of any very 
marked accumulation of manganese in this organ. 

Excretion of manganese in the bile. Little information is available regarding 
the extent to which manganese is absorbed from the alimentary canal, or 
regarding its path of excretion from the body, although Wichert [1860] showed 
that numerous heavy metals, including manganese, passed into the bile. Rei- 
man and Minot [1920, 2] have recently furnished reliable information on the 
absorption and excretion of manganese when administered per os. They have 
shown that manganese ores are soluble in gastric juice and that manganese is 
absorbed into the blood stream. Further, they have demonstrated that the 
manganese content of bile is markedly increased after ingestion of manganese (in 
the form of franklinite), and they conclude that ‘‘the bile is at least one im- 
portant path of elimination of ingested and absorbed manganese”. As evidence 
in confirmation of the biliary excretion of manganese, it may be stated that 
excessively high figures (3-52 and 0-785 mg./100 g.) for manganese have been 
obtained in the bile of two animals which died of intestinal obstruction. 

Deviations from the normal in manganese of liver and pancreas. (a) Anae- 
mic pigs. Abnormally low figures for manganese of liver and pancreas were 
obtained in the case of two pigs which died from anaemia. The low value 
for the liver may be accounted for by the change in the hepatic tissue 
which has been shown to take place as a sequel to iron deficiency, the centre of 
the lobules being destroyed and replaced by blood [McGowan, 1926]. It was 
thought that possibly the deviation from the normal in the manganese content 
100 
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of these organs might be due to the age of the animals, the normal figures having 
been obtained from animals about 10 months old, while the pigs in question 
were only 5-6 months. But this is evidently not the case, as is seen by com- 
parison with the figures obtained for animals of similar age in the control group 
of the manganese feeding experiment. 


Table X. 


(mg. Mn/100 g.) 


Animal Age (months) Liver Mn Pancreas Mn 
Anaemic pigs (1) 6 0-103 0-130 
(2) 5 0-092 0-113 
Pigs from control group of Mn experiment (1) 64 0-456 0-174 
(2) 64 0-395 0-166 
Normal pig (mean) 9-10 0-393 0-207 


(6) Young pigs. The low figures obtained for liver and pancreas in some 
piglets of the manganese experiment, which died at birth or within a few days, 
seem to require further investigation. 


Table XI. Liver and pancreas of piglets from Mn experiment. 


Pancreas 
Liver (omitting pigs <2 days old) 
a Rac \ 

Group Range Average Range Average 
A 0-100-0-192 (7) 0-144 0-078-0-130 (4) 0-097 
B 0-139-0-174 (4) 0-161 (4) 0-122 (1) 0-122 

0-316 (1) 0-192 (5) 
C 0-130-0-138 (3) 0-134 0-116—-0-143 (2) 0-130 
D 0-101—0-168 (5) 0-143 (5) 0-117-0-167 (3) 0-140 
0-268 (1) 0-164 (6) 
E 0-124-0-174 (2) 0-149 


(The figures in brackets indicate the number of animals for which the range 
or average is given.) It may be a question of age, but the higher results 
obtained in two cases, viz. 0-316 (Group B) and 0-268 (Group D), seem to point 
against this. On the other hand, the low value may be connected with the fact 
that practically all the surviving piglets in this experiment suffered from iron 
deficiency. Of course if there is any connection between the anaemic condition 
and the low manganese content of the organs, the experiment proves that 
addition of manganese to the diet of the sow is not sufficient in itself to prevent 
anaemia in the young pigs, since all the groups, even those with the highest 
manganese, show similar figures. But it seems possible that the deficiency of 
the ration may in some way have interfered with the assimilation of manganese—_ 

(c) Foetal pancreas. It will be noted that in the preceding table no pancreas 
figures have been included for piglets less than 2 days old. It is a curious fact 
that abnormally high percentages of manganese are found in the pancreas of 
the pig foetus, and of young pigs which have died at birth, or within a day or 
two after birth (0-6-0-8 mg./100 g. occurs frequently, and occasionally the 
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figure is even higher). The total amount of manganese involved is small 
however and it is difficult to judge whether the point is of any significance. 

Manganese content of reproductive organs. Next to the liver and pancreas, 
chief attention has been given to the reproductive organs, in view of the 
possible connection between manganese and reproduction suggested by the 
steady increase of manganese in the ripening seeds of plants and in the 
developing yolk of the hen’s egg. 


Table XII. Mn content of reproductive organs. 


Pig Ox Sheep Fowl 
Testis 0-039-0-063 (1) 0-022 (7 weeks) 0-035-0-086 0-053 (3) 
Av. (20) 0-053 (2) 0-029(5 months) Av. (16) 0-059 —_ 
_- (3) 0-029 (5 months) . an OOK 
a (4) 0-029 (15 months) A v a i (4) rs 
— (5) 0-031 (33 years) “¥: (79) = 
Av. 0-028 
Piglets of Mn experiment 
Group A 0-046 — -- a 
»  B0-048 — — _- 
» C€0-041 _- ~ — 
>  D0-045 — = ft 
»  E£0-041 — _- ~- 
Epididymisetc. 0-020-0-046 (1) 0-041 0-020-0-076 
(residue of -— (2) 0-022 — — 
testicle) ~- (3) 0-045 — a 
— (4) 0-053 -- a 
-- (5) 0-060 — — 
Ovary 0-040-0-067 _— 0-041-0-070 Ovary 0-046 
Av. (3) 0-054 — Av. (2) 0-056 *Oviduct 0-060-0-078 
Av. (4) 0-070 
Uterus 0-031-0-041 —_ — — 
Av. (3) 0-037 —- —- 
Placenta 0-056 (Human) 0-0061-0-0098—Av. (5) 0-0073 


* The high figure found by Bertrand and Medigreceanu [1913, 1] for the oviduct of the hen, 
viz. 0-786, has not been confirmed by the author. 


In the case of the pig, sheep, and fowl, several pairs of testes were combined 
for each analysis, so that each figure is itself an average. 

While the amount of manganese in these organs is on a distinctly lower level 
than that in the liver and pancreas, the constancy with which it occurs seems 
to be significant. Again it is seen that not only is the figure approximately 
constant for one species, but the differences between the figures for different 
species are not great. Such differences as do exist are much smaller than those 
found in the plant kingdom; e.g. compare the difference between the repro- 
ductive organs of the ox and the sheep with that between the organs of the 
laburnum and the lupin (Tables I and II). Plants and animals agree more 
closely in that male and female reproductive organs contain almost the same 
percentage of manganese. Just as manganese feeding had little or no effect 
on the liver and pancreas, so also differences in the amount of manganese in 
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the diet of sows have had no influence on the manganese content of the 
reproductive organs of their male offspring. 

Effect of age on the manganese content of reproductive organs. In all cases 
except the ox, the testes were obtained from animals only a few weeks old. In 
the case of the ox, material was obtained from animals of different ages. It will 
be seen that the percentage content of manganese remains practically constant 
as the animal matures, but this of course implies a large increase in the total 
amount of manganese present in the organ with increasing age. 

Manganese content of the stomach. Numerous analyses have been carried 
out on the stomachs of various animals, but the results have not been included 
in the general table. While in many cases high figures have been obtained, 
the variations found are much wider than is the case for most of the other 
organs analysed. Table XIII gives a summary of the results found for several 
species. 


Table XIII. Manganese content of stomach of various animals. 


Pig Rabbit Fowl Man 
Stomach-lining Stomach Crop Stomach 
Cardiac 0-066-0-408 0-099-0-181 0-299-0-419 0-029 
Av. (6) 0-224 Av. (3) 0-135 Av. (4) 0-354 
Pyloric 0-084-0-218 —- Proventriculus *0-013-0-040 
Av. (6) 0-133 on 0-100-0-209 Av. (8) 0-026 


Av. (5) 0-140 


Gizzard-lining 
0-149-0-389 — 
Av. (8) 0-261 


* Reiman and Minot [1920, 1}. 


The results for the stomach of man are low, as was the case also with the liver 
and pancreas, while the fowl gives figures above the average. 

Ruminants. The analyses for the different parts of the stomach of ruminants 
are not included in the present paper, as the data obtained cannot be con- 
veniently summarised, and no satisfactory explanation can as yet be offered for 
the very wide variations observed in the manganese content. 


SUMMARY. 


The manganese content of a large number of substances of vegetable or 
animal origin has been determined. 

With regard to the reproductive organs of plants, wide differences are found 
in different plants, but there is little difference as regards manganese content 
between the male and female organs of the same plant. Analysis of lupin seeds 
at various stages of development shows that there is a marked increase in total 
manganese as the seed grows to maturity. This increase seems to bring further 
evidence that manganese may be regarded as an essential element for the 
development of the plant. 
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The data for the manganese content of foodstuffs indicate that while soil- 
conditions may have some influence in determining manganese absorption by 
the plant, samples of a foodstuff from different sources show in general approxi- 
mately the same content of manganese. 

From a consideration of the data for the manganese content of animal 
organs, it appears that while we may be still in ignorance of the actual function 
of manganese in nutrition, there is a considerable amount of evidence in favour 
of regarding this element as one of the essential constituents of the animal 
organism. Direct proof of the indispensability of manganese for normal growth 
and development has not yet been furnished, and in considering the possibility 
of its importance, it has to be remembered that manganese may behave in the 
animal body like silver, mercury, lead, and other heavy metals, and that its 
presence in organs and tissues may have no real physiological significance. On 
the other hand, the steady increase of manganese in the developing egg, the 
invariable presence of the element in such tissues as the reproductive organs, 
and the constancy of the amount not only in these organs but also in those 
most closely connected with the processes of assimilation (a constancy which is 
fairly well maintained when large amounts of manganese salts are added to the 
diet) are facts which suggest that manganese is no accidental constituent of the 
organism, but may have some intimate relationship to the vital processes. 


I desire to acknowledge my indebtedness to Dr J. B. Orr for much helpful 
advice throughout this investigation. 
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